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ABSTRACT 


A  review  of  the  salient  literature  addressing  the  engineering 
design  of  muzzle  devices  is  presented.  Both  theoretical  and  experi¬ 
mental  techniques  applicable  to  specific  hardware  items  are  discussed. 
The  types  of  devices  considered  include:  muzzle  brakes,  compensators, 
blast  deflectors,  blast  suppressors,  and  flash  suppressors.  The  second 
volume  of  this  report  addresses  specific  gas  dynamic  theories  which  are 
applicable,  but,  in  general,  have  not  been  utilized  in  the  analysis  of 
muzzle  gas  flow  fields. 
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I.  INTRODUCTION 


Muzzle  devices  have  been  used  to  control  the  trajectory  of  pro¬ 
jectiles,  the  motion  of  the  recoiling  gun,  and  the  observable  effects 
of  the  sudden  release  of  the  propellant  energy.  The  shotgun  choke  is 
an  example  of  a  device  which  controls  projectile  ballistics  through 
muzzle  contour.  In  the  mid-nineteenth  century,  the  French  attempted  to 
control  recoil  by  redirecting  propellant  gases  rearward  through  a  series 
of  holes  drilled  in  the  gun  barrel  near  the  muzzle.  Silencers  and  blast 
suppressors  began  appearing  around  the  turn  of  the  century.  The  Maxim 
multi-baffle  silencer  developed  during  this  time  frame  is  still  one  of 
the  most  effective  designs.  Flash  hiders  received  considerable  atten¬ 
tion  during  the  First  World  War;  however,  the  most,  effective  devices 
namely,  bar-type  flash  suppressors,  did  not  make  an  appearance  until 
1949.  At  this  time,  the  Franklin  Institute  accidently  discovered  the 
flash  suppression  capabilities  of  bars  or  prongs  placed  in  the  muzzle 
flow  regime. 

While  the  construction  and  use  of  muzzle  devices  has  proceeded  at 
a  brisk  pace,  the  development  of  an  insight  into  the  physical  phenomena 
occuring  within  the  devices  has  lagged  behind.  There  are  no  strong 
theoretical  analyses  available  which  permit  the  design  of  devices  •'or  a 
large  range  of  weaponry.  What  techniques  are  available  are  generally 
empirically  based  and  highly  restrictive  in  nature.  It  is  the  purpose 
of  this  report  to  present  a  state-of-the-art  survey  of  the  design  tech¬ 
niques  applied  to  these  devices.  Consideration  will  be  given  to  the 
muzzle  gas  flow  phenomena  associated  with  both  the  bare  muzzle  and  the 
muzzle  device-equipped  flow  fields.  Both  experimental  and  theoretical 
engineering  design  analyses  will  be  investigated.  To  define  the  flow 
environment  in  which  the  muzzle  device  is  immersed,  this  report  wi1! 
commence  with  a  discussion  of  bare  muzzle  phenomena. 


II.  MUZZLE  GAS  FLOW 

The  development  of  the  flow  field  associated  with  the  discharge  of 
a  gun  may  be  broken  into  two  phases.  The  first  phase  involves  the 
formation  of  the  precursor  free  jet  and  blast.  This  flow  is  induced  by 
projectile  in-bore  travel  forcing  the  tube  air  to  be  ejected.  Additional¬ 
ly,  imperfect  obturation  permits  the  leakage  of  high  pressure  propellant 
gases  around  the  projectile.  The  second  phase  consists  of  che  flow 
field  created  as  the  high  pt essure  propellant  gases  leave  the  y;  '  tube 
following  projectile  uncorking.  This  phase  is  of  longer  duration  than 
the  precursor  phase.  It  commences  with  the  formation  of  a  strong  blast 
and  a  coupled,  highly  underexpanded  jet,  continuing  through  the  emptying 
process  wherein  the  pressure  in  the  gun  tube  is  finally  brought  to  equi¬ 
librium  with  the  ambient  pressure. 


The  formation  of  the  precursor  effects  is  depicted  schematically 
in  Figure  1.  Following  ignition  of  the  propellant,  the  projectile  is 
accelerated  down  the  gun  tube,  forming  compression  waves  in  the  quies¬ 
cent  tube  air.  This  is  the  classical  accelerating  piston  problem  from 
one-dimensional  gas  dynamics.  The  first  wave  propagates  at  the  local 
speed  of  sound.  As  it  moves,  the  air  it  passes  is  accelerated  in  the 
direction  of  wave  motion,  compressed  and  heated.  Since  the  speed  of 
sound  in  air  is  proportional  to  the  square  root  of  the  air  temperature, 
waves  will  propagate  at  a  higher  velocity  through  the  compressed  medium. 
This  effect,  coupled  with  the  velocity  imparted  to  the  tube  gas,  causes 
the  subsequent  compression  waves  to  catch  the  lead  wave  and  eventually 
coalesce  to  form  a  shock.  This  process  is  shown  in  the  x-t  diagram. 

As  the  projectile  continues  to  accelerate  and  as  high  pressure  propel¬ 
lant  gases  leak  around  it,  more  compression  waves  propagate  down  the 
tube  strengthening  the  shock. 

When  the  shock  reaches  the  muzzle,  the  lateral  constraints  are  no 
longer  present  and  the  gases  can  expand  in  three  dimensions.  The 
intrusion  of  this  high  pressure,  moving  tube  gas  stream  into  the  quies¬ 
cent  atmosphere  surrounding  the  gun  causes  the  still  air  to  be  rapidly 
displaced  forming  the  precursor  air  blast.  The  tube  gas  stream  expands 
forming  an  axisymmetric  free  jet.  If  the  flow  velocity  behind  the 
normal  shock  is  subsonic  at  the  time  it  reaches  the  muzzle,  a  one¬ 
dimensional  expansion  fan  will  propagate  back  up  the  gun  tube  acceler¬ 
ating  the  gases  to  a  sonic  velocity  at  the  muzzle.  If  the  flow  behind 
the  normal  shock  is  supersonic  at  the  time  it  reaches  the  muzzle,  no 
waves  can  propagate  back  upstream.  A  spark  shadowgraph  of  the  pre¬ 
cursor  blast  and  free  jet  formed  about  the  muzzle  of  a  5.56mm  Mann 
barrel  firing  M-16  ammunition  is  shown  in  Figure  2.  This  shadowgraph 
was  taken  at  the  BRL1*,  but  the  technique  is  an  historically  proven  ex¬ 
perimental  tool  utilized  by  early  investigators2"5  of  muzzle  gas  flows. 
The  precursor  blast  is  nearly  spherical  with  its  center  displaced 
forward  of  the  muzzle.  In  this  case  the  blast  geometric  center  is 
located  approximately  3.2  calibers  forward  of  the  muzzle.  The  tube  gas 
jet  is  seen  to  possess  a  shock  structure  typical  of  underexpanded  jets. 

A  point  to  be  emphasized  is  that  the  blast  and  jet  formation  processes 
are  mutually  dependent  and  occurring  in  a  highly  unsteady  manner.  The 
jet  develops  in  an  environment  which  has  been  previously  compressed 
and  set  in  motion  by  the  passage  of  the  precursor  blast.  In  turn,  the 
growth  of  the  jet  effects  the  blast,  as  can  be  seen  from  the  waves 
which  are  propagating  from  the  jet  to  the  blast  in  the  shadowgraph.  An 
additional  complication  is  introduced  if  the  unsteady  nature  of  the 
muzzle  conditions  is  considered.  The  precursor  muzzle  flow  forms  the 
ambient  into  which  the  high  pressure  propellant  gases  expand  once  the 
projectile  separates  from  the  muzzle. 

The  growth  and  decay  of  the  propellant  gas  jet  and  associated  blast 
have  been  studied  by  a  variety  of  researchers.  Cranz3’4  utilized  spark 
Schlieren  coupled  with  selective  probing  of  the  flow  field.  He  noted 


*R 'efcvcnccc  are  listed  on  page  101. 
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the  qualitative  agreement  between  his  experimental  results  and  the 
linearized  jet  theory  of  Prandtl.  Quayle5  used  similar  techniques  to 
investigate  the  muzzle  gas  flow  but  did  not  attempt  a  discussion  of  the 
gasdynamics  involved.  World  War  II  stimulated  interest  in  muzzle  phenom¬ 
ena.  Working  on  blast  suppressor  design,  Slade6  investigated  the  chrono¬ 
logical  history  of  muzzle  phenomena  and  presented  a  qualitative  descrip¬ 
tion  of  these  based  on  spark  shadowgraphs  of  a  caliber  .30  rifle.  Using 
work  performed  on  muzzle  brakes  during  the  war7a,”7c,  Oswatitsch8  analyzed 
the  development  of  the  muzzle  gas  flow  field  and  attempted  to  quantify 
the  phenomena  occurring.  From  these  works,  the  following  description  of 
the  muzzle  gas  flow  field  about  a  small  caliber,  high  velocity  weapon  is 
constructed.  In  particular,  the  flow  from  a  5.56mm  Mann  barrel  firing 
an  M-193  projectile  at  3200  feet  per  second  is  addressed. 

Schematics  of  the  salient  flow  features  are  presented  in  Figures 
3a  -  3d.  The  first  figure  in  the  series  shows  the  propellant  gases  ex¬ 
panding  around  the  projectile  soon  after  uncorking.  A  strong  blast  is 
formed  in  the  area  exterior  to  the  boundary  of  the  tube  gas  free  jet. 
However,  there  is  no  evidence  of  shock  formation  at  the  interface 
between  the  flow  field  of  the  tube  gas  jet  and  the  developing  propellant 
gas  jet.  This  may  be  due  to  the  effect  of  the  rapid  expansion  around 
the  projectile  undergone  by  the  propellant  gases  combined  with  the 
presence  of  an  established  velocity  field  (the  tube  gas  jet);  thus,  the 
condition  of  continuity  of  pressure  and  velocity  across  a  contact  surface 
could  be  satisfied.  However,  the  opaqueness  of  the  propellant  gas  cloud, 
which  also  contains  a  large  amount  of  particulate  matter,  prevents  pene¬ 
tration  and  makes  observation  of  the  exact  interface  location  impossible. 

Figure  3b  shows  the  flow  field  at  a  somewhat  later  time.  The  pro¬ 
pellant  gases  have  moved  over  the  projectile  and  the  interface  between 
the  two  gas  jets  has  moved  forward  of  the  projectile  nose.  Beginnings 
of  shocks  are  forming  ahead  of  the  interface  as  the  propellant  gases 
move  into  what  was  the  low  velocity  region  of  the  tube  gas  jet  (i.e., 
behind  the  tube  gas  jet  Mach  disc).  The  momentun  of  the  propellant  gases 
in  the  axial  direction  plus  the  flow  paths  orovided  by  the  precursor 
flow  field  have  caused  the  propellant  gas  jet  and  blast  to  become  signi¬ 
ficantly  elongated  in  the  axial  direction.  A  shock  structure  internal 
to  the  jet  has  begun  to  form.  Oswatitsch3  has  shown  that  the  muzzle 
velocity  of  the  propellant  gases  is  at  least  sonic.  The  flow  between  the 
muzzle  and  the  projectile  base  expands  rapidly  to  supersonic  velocities. 
That  these  velocities  are  higher  than  the  projectile  velocity  is 
evidenced  by  the  shock  standing  at  its  base.  The  pressure  at  the  base 
of  the  projectile  in  this  region  is  considerably  higher  than  that  on 
the  nose,  and  the  projectile  continues  to  accelerate.  At  the  jet 
boundary,  shocks  are  beginning  to  form  due  to  a  coalescing  of  waves 
reflected  from  the  contact  surface  between  the  propellant  gas  jet  and 
the  surrounding  air.  The  jet  boundary  is  observed  to  be  hiahly  turbu¬ 
lent  indicating  that  mixing  between  the  propellant  gases  and  air  is 
occuring  there.  This  mixing  is  an  important  factor  in  the  examination 
of  flash  phenomena. 
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As  the  propellant  gases  expand  supersonically,  their  pressure  drops 
rapidly.  It  is  seen  from  Oswatitsch  that  the  pressure  drops  from  on  the 
order  of  5000  pounds  per  square  inch  at  the  muzzle  to  5  pounds  per  square 
inch  at  a  distance  of  10-15  calibers.  Since  these  sub-atmospheri c  pres¬ 
sures  must  eventually  recover  to  near-atmospheric  pressure  (the  exact 
recovery  pressure  is  determined  by  compatibility  of  pressures  and  veloci¬ 
ties  at  the  interface  between  the  jet  and  blast  fields),  shocks  occur  in 
the  flow  to  recompress  the  gases.  In  a  highly  underexpanded  jet  structure 
such  as  the  propellant  gas  jet,  axial  recompression  occurs  through  the 
formation  of  normal  shocks  (Mach  discs  in  axially  symmetric  flow  or 
Riemann  waves  in  planar  flow).  Early  in  the  muzzle  jet  development,  the 
projectile  provides  sufficient  obstruction  to  the  flow  to  bring  about 
recompression;  however,  as  the  flow  field  grows  larger  relative  to  the 
projectile,  the  influence  of  the  projectile  presence  diminishes  and 
eventually  can  no  longer  recompress  the  flow  to  provide  recovery.  At 
this  point,  the  Mach  disc  forms  in  the  jet  and  becomes  the  means  of 
pressure  recovery. 

Figure  3c  shows  the  flow  field  at  this  time.  Across  the  Mach  disc, 
the  flow  is  decelerated  to  subsonic  velocity.  Since  the  projectile 
still  moves  at  roughly  the  muzzle  velocity,  it  no  longer  is  moving 
slower  than  the  fluid,  and  it  begins  to  experience  drag  rather  than 
thrust.  As  it  moves  through  the  propellant  gases,  a  viscous  wake  is 
shed.  The  blast  wave  is  decelerating  due  to  the  effects  of  radial  ex¬ 
pansion  and  the  projectile  moves  through  it.  As  the  projectile  pene¬ 
trates  the  blast,  a  bow  shock  forms  and  the  drag  increases  still  further. 
Simultaneous  to  and  at  times  preceding  projectile  penetration  of  the 
blast,  solid  particles  are  seen  to  be  penetrating  the  blast  and  moving 
at  supersonic  velocities  into  the  undisturbed  air.  These  are  most  likely 
powder  particles  which  may  be  still  burning. 

The  jet  structure  at  this  time  is  nearly  that  of  the  typical  under¬ 
expanded  jet.  However,  the  shock  structure  possesses  an  irregular, 
pentagonal  configuration.  This  may  be  an  effect  of  the  precursor  flow 
influencing  the  subsequent  development  of  the  propellant  gas  flow  field. 
The  precursor  tube  gas  jet  has  been  inundated  by  the  rapid  growth  of  the 
propellant  gas  jet.  One  of  the  last  vestiges  of  the  precursor  flow  is 
the  precursor  blast  which  will  soon  be  outstripped  by  the  stronger  main 
blast. 

Subsequent  to  the  projectile  penetration  of  the  main  blast,  the  jet 
attains  its  maximum  growth,  Figure  3d.  The  jet  is  now  of  a  structure 
identical  to  the  highly  underexpanded  steady  jet.  The  flow  within  the 
bounding  shocks  is  supersonic  increasing  in  Mach  number  along  the  axis 
and  reaching  a  maximum  just  at  the  normal  shock.  The  thermodynamic 
properties  of  the  gas,  namely,  density,  pressure,  and  temperature,  drop 
off  rapidly  from  the  muzzle  values  as  the  expansion  region  is  traversed. 
Across  the  shocks,  these  properties  increase  again,  reaching  a  second 
maximum  behind  the  Mach  disc.  The  flow  traverses  the  peripheral  oblique 
shocks  maintaining  supersonic  velocity,  however,  maintenance  of  super- 
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sonic  velocities  across  a  normal  shock  is  not  possible.  Thus,  a  contact 
discontinuity  is  formed  between  the  flow  which  traverses  the  oblique 
shocks  and  that  which  traverses  the  Mach  disc.  Across  the  discontinuity, 
pressure  and  flow  Inclination  are  maintained  while  all  other  properties, 
such  as  velocity  and  density,  may  be  discontinuous.  The  boundary  of  the 
jet  Is  the  only  area  where  viscous  effects  are  significant.  The  turbulent 
mixing  layer  and  recirculating  flow  region  (smoke  ring)  bring  about  rapid 
mixing  of  the  propellant  gas  and  air.  The  Importance  of  the  nature  of 
the  jet  boundary  on  the  properties  of  flow  Interior  to  the  bounding 
shocks  has  been  shown  In  steady  jet  studies9'13  to  be  negligible.  The 
development  of  the  propellant  gas  free  jet  and  blast  Is  vividly  illustra¬ 
ted  in  the  series  of  spark  shadowgraphs  shown  in  Figures  4a  -4d. 

The  state-of-the-art  of  blast  and  jet  theory  will  be  discussed  in 
the  second  volime  of  this  report;  however,  since  the  flow  in  which  a 
muzzle  device  Is  Immersed  Is  jet-like  over  almost  all  of  Its  duration, 
it  will  be  informative  to  consider  the  results  of  recent  work  relating 
tc  the  parameters  influencing  jet  structure.  In  his  text  devoted  to 
jets,  Pal14  presents  the  status  of  jet  studies  through  the  mid-fifties. 
Love,  et  al ,9  present  an  updated  summary  of  work  in  the  field  in  ad¬ 
dition  to  presenting  an  in-depth  study  of  axi symmetric  free  jet.  The 
upsurge  of  the  space  program  in  the  sixties  brought  about  increased 
investigation1 5“is  of  rocket  plunes,  which  are  effectively  underexpanded, 
axisymmetric  free  jets.  The  work  of  most  interest  In  the  investigation 
of  the  free  jet  established  at  the  muzzle  of  a  gun  is  that  of  Love3. 

In  this  paper,  supersonic  jet  flows  are  examined  both  theoretically, 
using  the  method  of  characteristics,  and  experimentally,  using  Schlieren 
photographs.  Parameters  of  i«.cerest  are  varied  and  the  effect  on  jet 
structure  is  observed.  These  parameters  are:  jet  exit  Mach  number, 
nozzle  contour,  ratio  of  specific  heats  and  pressure  ratio.  For  the  time 
being,  it  is  convenient  to  assume8  that  the  muzzle  velocity  becomes  sonic 
upon  projectile  exit  and  remains  so  over  the  major  portion  of  the  jet 
lifetime.  Further,  a  bare  muzzle  with  zero  inclination  to  the  bore  axis 
will  be  taken  as  the  most  straight-forward  example  of  this  type  flow- 

Figure  5  schematically  depicts  a  wave  pattern  for  such  an  expansion- 
At  each  corner,  the  flow  is  expanded  through  a  wave  fan  which  may  be 
locally  assumed  to  behave  like  a  two-dimensional,  Prandtl-Meyer  expansion. 
Since  in  in viscid  flow  theory  the  condition  for  a  contact  surface  to  be 
maintained  is  that  pressure  and  flow  inclination  be  continuous  across  it, 
the  flow  expands  through  an  angle,  9,  sufficient  to  reduce  the  static 
pressure  from  the  exit  pressure,  pe»  to  the  surroundings  pressure  p«. 
However,  when  the  waves  from  the  opposite  corner  reach  the  jet  boundary, 
they  would  overexpand  the  flow  to  a  pressure  below  that  of  the  surround¬ 
ings.  In  order  to  mai'  tain  pressure  equivalence  at  the  boundaries  these 
incoming  expansion  waves  must  reflect  as  compression  waves.  This  d-  ss 
in  fact  occur  and  the  resulting  reflected  compression  waves  eventual  / 
coalesce  to  form  the  shock  structure  of  the  jet. 
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Treating  the  corner  expansion  as  two-dimensional,  Love  computes  the 
effect  of  variation  in  the  ex i t-to-sur roundi ngs  pressure  ratio,  p^/p,*, 
on  the  initial  jet  deflection  angle,  6,  Figure  6.  The  effect  of  in¬ 
creased  pressure  ratio  is  quite  obvious.  For  values  less  than  200,  the 
deflection  angle  grows  rapidly  with  increasing  pressure  ratio.  However, 
further  increase  causes  less  rapid  changes  in  deflection  angle  which 
approaches  the  limiting  expansion  angle  (for  y  =  1.4,  qnax  ^  130°)  asymp¬ 
totically.  The  effect  of  pressure  ratio  on  the  muzzle  jet  can  be  noted 
if  the  initial  inclination  of  the  precursor  tube  gas  jet,  Figure  2,  and 
that  of  the  propellant  gas  jet,  Figure  4d,  are  compared.  Love  investi¬ 
gated  another  parameter  affecting  the  initial  deflection  angle,  namely, 
the  ratio  of  specific  heats, Ye,  Figure  7.  The  strong  dependence  of  the 
initial  deflection  angle  and  therefore  the  overall  jet  structure  upon 
the  ratio  of  specific  heats,  Ye,  indicates  the  importance  propellant 
charistry  can  have  upon  the  jet  structure.  Love  continues  his  calcu¬ 
lation  past  the  initial  expansion,  calculating  the  jet  boundary  shape 
and  constructing  the  characteristic  net.  However,  the  effect  of  com¬ 
pression  wave  coalescence  into  shocks  is  not  treated.  This  coalescence 
is  treated  by  other  jet  analyses15*26  and  resultant  property  profiles 
are  presented  or  discussed. 

A  shock  formation  which  is  difficult  to  predict  is  the  Mach  disc. 
Pailu  discusses  the  evolution  of  the  Mach  disc  in  an  underexpanded  jet 
as  the  pressure  ratio  is  increased,  Figure  8.  These  schematics ,  taken 
from  the  original  Schlier°n  photographs  of  Hartmann  and  Lazarus30,  show 
that  as  the  pressure  ratio,  Pg/p^,  increases  the  flow  undergoes  a 
stronger  expansion  initially  and  must,  therefore,  undergo  stronger  recom¬ 
pressions  to  satisfy  the  boundary  pressure  compatibility  condition.  In 
the  first  instance,  the  exit  and  surrounding  pressures  are  identical; 
thus  no  pressure  waves  are  generated  in  the  inviscid  flow  field.  As  the 
exit  pressure  is  increased,  these  pressure  waves  do  evolve.  The  second 
schematic  shows  that  for  a  relatively  low  overpressure  the  weakness  of 
the  waves  and  confinement  of  the  flow  geometry  inhibit  coalescence  until 
the  compression  waves  reach  the  outer  boundary.  As  the  pressure  in¬ 
creases  further,  the  strength  of  the  waves  and  geometric  scale  of  the 
flow  increase  and  the  shocks  move  in  toward  the  axis.  Further  increase 
causes  a  shock  reflection  at  the  axis.  Eventually  a  pressure  ratio  is 
reached  where  the  oblique  shocks  become  so  strong  that  the  flow  can  not 
traverse  both  and  remain  supersonic.  At  this  point,  a  Mach  reflection 
occurs  and  the  normal  shock  or  Mach  disc  is  formed.  Further  increases 
of  pressure  cause  the  compression  waves  to  coalesce  sooner, forming  the 
shock  bottle, and  move  the  location  of  the  Mach  disc  further  downstream. 
The  position  of  the  Mach  disc  as  a  function  of  exit  Mach  number,  pressure 
ratio,  and  ratio  of  specific  heats  has  been  investigated  by  a  variety  of 
researchers9*10’13’26-30.  For  a  sonic  nozzle,  the  location  of  the  Mach 
disc  in  the  axial  direction  is  given27’29  as 


where  x  =  axial  distance  to  shock 

D  =  orifice  diameter 

The  applicability  of  this  type  of  relation  to  the  muzzle  jet  can 
be  seen  In  comparing  the  photographs  of  the  precursor  and  propellant  gas 
jets.  Additionally*  in  another  facet  of  the  jet  life  cycle,  its  decay, 
the  analysis  of  free  jet  structure  indicates  what  to  expect.  As  the 
pressure  ratio  decreases, the  shock  bottle  should  shrink  in  size  with  the 
Mach  disc  moving  in  toward  the  muzzle.  Thus,  a  reverse  sequence  to  that 
shown  in  Figure  8  would  be  anticipated.  Slade6  in  his  discussion  of  the 
muzzle  phenomena  about  a  caliber  .30  rifle  indicates  that  such  a  process 
does  occur.  In  light  of  the  direct  relationship  between  the  muzzle 
phenomena  after  the  bullet  leaves  the  muzzle  flow  field  and  free  jet 
flows,  it  is  not  surprising  that  muzzle  device  research  has  made  exten¬ 
sive  use  of  jet  theory. 


III.  MUZZLE  DEVICES:  THEORY 

A  simplistic  approach  to  the  categorization  of  muzzle  devices  would 
be  to  establish  two  groups;  the  first  would  contain  devices  which  seek  to 
control  or  utilize  the  momentum  of  the  propellant  gas  flow,  while  the 
second  would  consist  of  those  which  control  the  rate  or  distribution  of 
propellant  energy  release,  Figure  9. 

Muzzle  brakes  and  compensators  redirect  the  propellant  gas  from 
purely  axial  efflux  utilizing  the  resultant  forces  generated  to  modify 
the  recoil  characteristics  of  the  weapon.  Blast  deflectors  are  designed 
to  ameliorate  the  effects  of  the  propellant  gas  ejection  upon  the  sur¬ 
roundings.  jhey  may  be  directed  to  reduce  the  dust  raised  by  the  muzzle 
gas  jet  or  to  eliminate  blast  wave  impingement  on  the  gunner  or  nearby 
structures.  Deflectors,  like  brakes  and  compensators,  are  essentially 
turning  vanes  and/or  channels  which  redirect  the  flow  momentum  to  a 
sector  where  ejection  will  give  least  harmful  effects.  The  second 
category  of  devices  is  concerned  with  the  manner  in  which  the  residual 
propellant  energy  is  released  into  the  atmosphere.  Blast  suppressors 
attempt  to  minimize  both  the  amount  of  energy  released  from  the  weapon 
and  the  rate  at  which  it  is  released.  A  wide  variety  of  blast  suppres¬ 
sors  has  been  designed,  including  multi-baffle,  expansion  chamber, 
energy  absorption  and  energy  dissipation  devices.  Flash  suppressors 
function  on  the  principle  of  controlling  the  distribution  of  propellant 
gases  and  their  energy  such  that  the  elevated  energy  states  required  to 
initiate  combustion  do  not  occur  simultaneously  to  or  in  the  vicinity 
of  ignitable  propellant  gas-ai r  mixtures . 

The  utilization  of  any  particular  muzzle  device  requires  a  consider¬ 
able  effort  to  interface  the  device  to  the  weapon  and  to  the  tactical 
role  of  the  weapon.  A  muzzle  device  is  useless  if  its  design  is  im¬ 
practical  either  in  terms  of  cost,  weight,  bulk  or  interference  with 
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proper  weapon  functioning  and  use.  The  maintenance  associated  with 
certain  muzzle  device  designs  makes  them  Impractical  for  general  usage. 
Consideration  must  be  given  in  designing  a  device  that  can  utilize  cur¬ 
rently  available  materials  and  manufacturing  techniques  to  provide 
sufficient  structural  strength  for  a  long,  failure-free  life.  With  such 
obvious  practical  considerations  recognized,  this  report  will  be  directed 
to  the  consideration  of  the  gas  dynamic  and  chemical  kinetic  phenomena 
associated  with  projectile  ejection  from  a  weapon  equipped  with  various 
forms  of  muzzle  devices.  It  must  be  noted  that  while  practical  consider¬ 
ations  are  important, they  are  at  times  a  hindrance  to  theoretical  and 
experimental  investigations  of  the  detailed  flow  phenomena.  Thus, 
investigators  are  forced  to  make  simplifying  assumptions  in  their  analyses 
which  are  at  odds  with  practical  realities.  These  assumptions  and  the 
necessity  of  making  them  will,  hopefully,  be  made  clear  in  the  dis¬ 
cussions  to  follow. 

The  devices  will  be  considered  by  functional  groups.  Brakes, 
compensators  and  blast  deflectors  operate  on  identical  principles  and 
will  be  discussed  together.  Blast  and  flash  suppressors  will  be  con¬ 
sidered  separately.  Important  contributions  to  the  analysis  of  flow 
through  these  devices  will  be  discussed.  The  fourth  section  will  present 
related  experimental  techniques. 


A .  Muzzle  Brakes,  Compensators  and  Blast  Deflectors 

The  most  definitive  source  of  information  concerning  the  theory  and 
design  of  muzzle  brakes  is  the  survey  performed  by  Hammer31  just  after 
the  close  of  World  War  II.  If  consideration  is  given  to  the  fact  that 
the  status  of  muzzle  brake  design  has  not  advanced  significantly  from 
the  time  of  this  report,  a  phrase  from  page  one  of  Hammer's  work  is 
quite  telling:  "One  of  the  reasons  for  initiating  this  project  was  to 
discover  design  formulas  for  muzzle  brakes.  Unfortunately,  such  formu¬ 
las  were  not  discovered."  While  this  statement  is  true,  the  report 
does  present  much  valuable  information,  starting  with  a  state-of-the-art 
summary  and  concluding  with  a  collection  of  translations  of  significant 
foreign  papers7’32-39.  To  provide  an  understanding  of  the  development 
of  muzzle  brake  technology,  select  papers  from  this  group  will  be 
considered . 

A  basic  problem  in  the  computation  of  muzzle  gas  flow  fields  is  the 
estimation  of  muzzle  flow  properties  as  the  gun  tube  empties.  Early 
researchers  utilized  the  work  of  Hugoniot32  to  obtain  this  estimate. 
Hugoniot  considered  the  process  of  emptying  a  high  pressure  reservoir. 

His  analysis  assumes  quasi-steady  flow  in  that  no  wave  motion  is  allowed 
in  the  reservoir.  This  implies  instantaneous  adjustment  of  the  thermo¬ 
dynamic  state  of  the  reservoir  gases  to  the  effects  of  outflow.  The 
calculations  are  carried  out  for  either  an  isothermal  or  adiabatic 
process.  The  rate  of  outflow  may  be  computed  by  assuming  a  sonic  orifice 
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or,  if  the  pressure  ratio  across  the  orifice  Is  too  low,  by  using  the 
steady,  quasi-one-dlmensional  flow  equations.  Knowing  the  volume  and 
the  initial  state  of  the  reservoir  gases,  it  is  possible  to  use  the 
computed  rate  of  outflow  to  compute  the  subsequent  state  of  the  gases 
for  each  type  process.  Rateau33  modified  the  analysis  of  Hugonlot  by 
considering  the  effect  of  gas  co- voline  and  approximating  the  initial 
property  distribution  in  the  gun  tube  at  the  time  of  shot  ejection  by 
one  with  zero  velocity  but  an  elevated  pressure  and  temperature  which 
upon  adiabatic  expansion  ro  the  muzzle  pressure  produces  the  muzzle 
velocity.  Corner38  compares  the  analyses  of  Hugonlot  and  Rateau,  and 
presents  his  own  calculations  for  the  emptying  problem.  His  work  is 
based  on  one-dimensional ,  unsteady  gasdynamics  and  provides  a  more 
satisfactory  comparison  with  theory  than  either  Hugonlot  or  Rateau. 
However,  he  indicates  that  the  analysis  of  Rateau  gives  reasonably  good 
results  if  the  assumption  of  an  initial  property  distribution  is  dropped. 
Oswatitsch8  utilizes  the  method  of  characteristics  to  calculate  the 
variation  of  muzzle  properties.  His  main  aim  in  this  analysis  is  to 
establish  the  validity  of  assuming  a  sonic  muzzle  and  quasi-steady  flow 
conditions  rather  than  providing  detailed  initial  conditions  to  his 
muzzle  gas  flow  field  calculations.  The  theory  of  interior  ballistics 
has  developed  considerably  (e.g.,  Ref.  39-45)  since  these  works;  however, 
with  few  exceptions,  these  advances  have  not  been  incorporated  into 
analysis  of  muzzle  gas  flow  fields.  For  this  reason,  they  will  not  be 
discussed,  but  it  is  realized  that  future  efforts  which  attempt  to  in¬ 
terface  the  interior  and  transitional  flow  fields  must  consider  these 
improved  techniques. 

In  addition  to  modifying  Hugoniot’s  theory,  Rateau33  performed  an 
analysis  of  the  flow  through  a  muzzle  brake  and  provided  a  technique 
to  calculate  the  force  on  the  brake,  'he  methods  of  Rateau  are  of 
particular  interest  since  they  form  the  basis  for  the  section  on  muzzle 
brakes  in  the  current  Army  Design  Handbook46.  Rateau  is  realistic  in 
assessing  some  of  the  uncertainties  facing  analysis  of  muzzle  gas  flows', 
among  the  difficulties  he  notes  are: 

1.  Physical  properties  of  the  high  temperature  propellant  gases 
are  inadequately  known. 

2.  Chemical  state  is  unknown;  relative  proportion  of  hydrogen  and 
water  vapor  greatly  modifies  coefficients. 

3.  The  flow  is  highly  unsteady  while  analyses  utilize  quasi-steady 
assumptions . 

4.  Pressure  and  temperature  of  gases  at  muzzle  are  not  well  known. 

Rateau  defines  the  gun  emptying  problem  as  being  analogous  to  the 
emptying  of  a  reservoir  of  volime  equal  to  the  volirie  of  the  gun  con¬ 
taining  gas  at  a  pressure  and  temperature  both  higher  than  the  gun 
qas  values.  The  gases  then  expand  adiabatically  through  a  converging 
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nozzle  such  that  at  the  throat  of  the  nozzle  the  flow  velocity  is  equal 
to  the  muzzle  velocity  of  the  gun  and  the  pressure  is  equal  to  the 
muzzle  pressure.  Using  an  equation  of  state  of  the  form: 

p(v  -  a)  =  RT 


where  : 

p  =  pressure 
v  =  specific  volume 
a  =  co-volume  of  gas 


R  =  gas  constant 
T  =  temperature 

he  calculates  the  property  variation  at  the  throat  through  the  emptying 
process.  After  the  gases  pass  the  throat,  they  are  expanded  through  a 
brake  of  the  geometry  shown  in  Figure  10.  The  conical  expansion  nozzle 
has  a  jeflection  angle  &  which  is  set46  at  some  value  less  than  30°. 

This  requirement  is  made  to  prevent  flow  separation  at  the  expansion 
corner.  However,  in  light  of  recent  work9-30  on  underexpanded  rree  jets, 
this  required  angle  is  much  too  confining.  This  can  be  seen  by  consider¬ 
ing  that  underexpanded  jets  have  initial  deflection  angles  of  90°  or 
more  at  high  pressure  ratios.  Figures  6  and  7.  Since  propellant  gas 
jets  have  a  low  ratio  of  specific  heats  [y  ^  1.25)  and  high  pressure 
ratios  (Pe/Poo  ^  0(500)),  large  initial  deflection  angles  would  be  antici¬ 
pated.  Figures  4a  -  4d  indicate  this  angle  to  be  roughly  90°.  Therefore, 
assuming  a  smooth  transition  section  from  the  muzzle  to  the  conical 
section,  turning  angles  greater  than  300  could  easily  be  obtained.  Since 
the  important  braking  forces  occur  early  in  the  emptying  process  while 
the  pressure  ratio  is  on  the  order  of  100,  there  should  be  no  difficulty 
in  maintaining  a  60°  -  70°  turn.  There  appears  to  be  some  confusion  as 
to  the  role  of  the  conical  expansion  nozzle;  rather  than  inducing  ex¬ 
pansion  of  the  flow,  the  nozzle  channels  the  expansion  to  insure  maximum 
impingement  upon  brake  surfaces. 


Rateau  assumes  the  nozzle  to  be  designed  such  that  adiabatic  ex¬ 
pansion  occurs  through  it,  reducing  the  reservoir  pressure  to  atmospheric 
pressure  at  the  entrance  to  the  brake.  Using  the  isentropic  flow 
relations,  it  is  possible  to  calculate  the  resulting  velocity  at  the 
brake.  From  his  reservoir  emptying  calculations  and  under  the  assumption 
of  quasi-steady  flow,  this  velocity  may  be  computed  as  a  function  of  time. 
Knowing  the  mass  flow  through  the  muzzle  and  constraining  the  channel 
geometry  to  be  such  that  a  quasi-one-dimensional  flow  may  be  assumed,  _ 
the  mass  flow  into  the  brake  and  projectile  hole  may  be  divided  in  direct 
proportion  to  their  relative  areas,  Figure  10: 
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where  m*  =  mass  flux  through  muzzle 

mi  2  =  mass  flux  through  brake,  projectile  hole 
Si, 2  =  area  of  brake,  projectile  hole  entrances. 


Rateau  equates  the  force  on  the  muzzle  brake  to  the  change  in  mo¬ 
mentum  through  it,  assuming  flow  properties  constant  through  the  turn: 

•  •  s 

Fx  =  mx  u  +  m x  u  sin  ai  =  m*  $^|s"  ■  u  (1  +  sin  ax) 


where:  u  =  velocity  of  flow  expanded  to  p» 


For  subsequent  baffles,  the  mass  flux  is  again  taken  as  area  de¬ 
pendent  and  the  flow  properties  remain  constant.  Thus: 
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Using  this  analysis,  Rateau  calculates  the  force  on  a  muzzle  brake  fran 
a  75mm  gun.  Figure  11.  The  shaded  portion  of  the  curve  represents  the 
effect  of  projectile  residence  in  the  brake.  While  there  is  not  a 
significant  increase  in  impulse  (area  under  the  curve)  due  to  projectile 
residence,  there  is  an  increase  in  peak  force  which  must  be  accounted 
for  in  the  structural  strength  of  the  device.  Rateau  claims,  but  does 
not  show,  good  success  in  comparison  between  tests  and  analysis. 

Rateau 's  analysis  has  several  shortcomings.  He  does  not  account 
for  non-isentropic  effects  such  as  friction  and,  more  importantly,  shock 
formations.  His  assumption  of  expansion  to  atmospheric  pressure  within 
the  conical  nozzle  if.  not  substantiated.  The  assumption  of  turning 
through  the  brake  without  property  change  is  obviously  incorrect.  These 
simplifying  assumptions  make  it  difficult  to  use  Rateau' s  analysis  to 
perform  optimization  studies.  The  only  parameters  to  be  varied  are  the 
relative  areas  of  the  brake  channels,  the  number  of  brakes  and  the 
turning  angle.  This  leads  to  the  obvious  optimization  of  turning  the 
maximum  amount  of  flow  through  the  greatest  angle.  The  addition  of  more 
brakes  can  be  shown  to  follow  the  law  of  diminishing  returns  as  succes¬ 
sive  brakes  work  with  a  mass  flux  diminished  by  the  flow-through  through 
its  predecessors. 

Even  with  its  shortcomings,  Rateau's  analysis  formed  a  basis  for  a 
number  of  subsequent  reports31*-37.  The  British  improved  upon  the  anal¬ 
ysis  by  including  the  effect  of  area  variation  and  radial  expansion47. 
This  form  of  Rateau's  analysis  is  essentially  that  presented  in  the 
current  Army  Design  Handbook46. 
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With  the  approach  of  World  War  II,  the  Germans  began  research  into 
the  design  of  muzzle  brakes.  This  program  was  largely  experimental  and 
produced  an  unbelievable  ninber  of  different  brake  designs31.  The  design 
which  came  into  most  use  both  by  the  Germans  and  the  Allies  was  the 
double  baffle  brake,  Figure  12.  According  to  the  classification  of 
brakes  set  forth  in  Reference  46,  this  is  an  open  brake  since  the  flow 
expands  freely  to  the  brake;  whereas  the  device  of  Rateau,  Figure  10,  is 
a  closed  brake  since  the  flow  is  channeled  to  the  brake  surfaces. 

During  the  war,  the  British  tested  a  captured  German  double  baffle  brake 
against  a  variety  of  high  performance  designs48.  The  conclusion  was 
that  although  better  braking  action  could  be  obtained  through  the  use  of 
closed  type  brakes  with  greater  rearward  flow  deflection,  the  penalty  of 
increased  blast  overpressures  in  the  crew  area  could  not  be  tolerated. 

The  German  research  effort  also  included  basic  investigations  of  the 
gas  dynamics  of  muzzle  brakes7*-70.  Oswatitsch  assumed  that  the  greatest 
braking  forces  were  imparted  during  the  high  pressure,  supersonic  portion 
of  the  tube  emptying  cycle  and,  further,  that  this  flow  could  be  assumed 
i-o  be  quasi-steady.  Examining  a  typical  brake,  Figure  13,  Oswatitsch 
sought  to  optimize  the  design  details  of  the  device  such  as  spacing, 
turning  angle,  brake  contour,  etc.  To  estimate  the  forces  transmitted 
to  the  brake  surface,  Oswatitsch  performed  a  momentum  flux  calculation: 

Fx  *  /;Ai(p-p„+PU2)  dAi  -  ;/A^<p-pa+pu2)dA3  +  cos  (p-p„+pu2)  dA2 

At  the  muzzle  and  brake  projectile  opening, p  p*;  therefore  neglect  px 
with  respect  to  p: 

Fx  =  -°a/vP+pu2^  dAi  "  (  P+p u2)  dA3  t  cos  JJ  A^  (p-p^+pu2)  dA2 

Examine  the  last  integral  and  introduce  mean  property  values  over  the 
discharge  cross  section: 

(p-pro  +  pu2)  dA2  =  SI ^  pu2  (1  +  )dA2 

P  "P 

=  We  ( 1  +  I!  A2  p  U  dA2 


Define:  0A  =  /;'A_  (p  +  pu2)  dA^ 
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The  force  equation  becomes: 
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From  conservation  of  mass: 
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and  defining  an  efficiency  factor,  a,  to  be: 
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Oswatltsch  now  assumes  that  the  conditions  at  the  muzzle  are  sonic  and 
uniform  across  the  opening.  Under  this  assumption  (asterisks  indicate 
sonic  throat  properties): 


GAt  _  //A  pu  dAi  _  p*  u*  At 
JA  "  ff  Ai( p+Vu^dA'i  ‘  (p*  +  p*  u*z)Ai 


Since  M*  =  1 : 
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For  a  quasi -one-dimensional  flow  the  maximum  expansion  that  can  occur 
is  to  a  condition  of  zero  static  temperature  implying  a  complete  con¬ 
version  of  internal  gas  energy  into  kinetic  flow  energy.  The  energy 
equation  can  be  used  to  calculate  the  maximum  velocity  that  occurs  in 
such  an  expansion: 


W 

max 


Thus: 
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To  evaluate  the  efficiency  of  a  particular  brake  design,  it  is  neces¬ 
sary  to  obtain  estimates  of  the  flow  behavior  within  the  brake.  The 
propellant  gases  leave  the  muzzle  at  the  velocity  of  sound  and  are 
expanded  to  supersonic  velocities.  The  deflection  of  the  supersonic 
stream  at  the  brake  surfaces  causes  shocks  to  form.  Thus, if  the  deflection 
is  great  enough,  the  flow  undergoes  a  non-isentropic  process  resulting 
in  a  decreased  stagnation  pressure.  This  represents  a  decrease  in  the 
effective  muzzle  pressure.  Since  the  deflection  of  the  flow  is  not 
constant  at  all  points  in  the  brake,  the  effective  muzzle  pressure  varies 
from  point  to  point.  However,  as  a  first  approximation,  Oswatitsch 
assumes  the  flow  to  compress  uniformly  through  a  normci  shock  re¬ 
sulting  in  a  decrease  in  effective  muzzle  pressure  from  ps  to  pcm 
From  this  condition,  it  accelerates  along  the  brake  surface  and  is 
ejected  at  a  supersonic  velocity.  Examining  the  efficiency  equation,  it 
is  apparent  that  maximization  of  the  third  term  is  essential.  For  the 
time  being  neglect  projectile  hole  losses,  i.e.,  assume  s  Ga  =  0. 
Then:  3  3 
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Oswatitsch  examines  the  maximization  of  this  term.  Since  shocks  occur 
in  the  brake,  let: 
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Assuming  an  Isentroplc  expansion  frcm  p'  to  pn,  then  can  be  calcu 
lated  from  the  isentroplc  relation: 


Since  stagnation  temperature  is  constant  across  a  shock,  7*  -  TSg* 
thus: 


Using  these  relations,  Oswatitsch  calculates  W  as  a  function  of  Psm/Pe 
for  various  Psm/P«>  Figure  14.  From  the  limit  of  sonic  exit  flow  on 
the  left,  the  W  factor  increases  to  a  maximur  which  occurs  when  the  exit 
pressure  is  equal  to  the  ambient  pressure,  pe  ■  p*,  and  then  decreases 
as  the  flow  is  overexpanded,  pe  <  pw.  The  brake  efficiency  is  directly 
rel  at.ed  to  W: 


Tn  use  the  curves  of  Figure  14,  it  is  necessary  to  be  capable  ofcal- 
n'  /n  and  o'  /d  This  requires  knowledge  oi  the  detailed 
brlk^floSSn,/ofwatits^  utilizes  a  method  of  characteristics  calcula. 
to  obtain  the  variation  of  Mach  nunber  along  the  center line  < of  the 
muzzle  jet.  Assuming  the  flow  passes  through  a  normal  shock  at  the 
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location  of  the  brake,  p$  /p  may  &e  calculated  from  the  Rankine-Hugoniot 
relations  and  the  known  muzzle  and  ambient  pressures.  A  computation  of 
Psfl»/Pe  Is  more  difficult  as  it  requires  a  technique  to  determine  how  the 
flow  expands  along  the  brake  surface.  Oswatitsch  does  not  present  such 
a  technique  and  instead  assumes  pe  =  p,*.  This  effectively  reduces  the 
analysis  to  a  method  of  accounting  for  shock  losses  in  a  thruster  nozzle. 
Since  if  the  flow  passes  a  strong  shock,  Psm/Pa,  is  decreased  thereby 
decreasing  a.  The  analysis  is  valuable  in  that  it  represents  the  first 
attempt  to  account  for  internal  shocks  within  a  framework  of  multi -di¬ 
mensional  flow. 

Assuming  a  typical  value  of  Psm/Poo  =  1000,  Oswatitsch  picks 
W  =  0.87  and  calculates  the  resultant  brake  efficiency  as  a  function  of 
the  deflection  angle.  Figure  15.  The  effect  of  increased  deflection  is 
to  increase  brake  efficiency.  It  should  be  noted  that  the  calculations 
presented  by  Oswatitsch  do  not  allow  a  detailed  investigation  of  the 
brake  surface  design  since  they  in  no  way  account  for  the  method  of 
turning  the  flow  through  the  angles  depicted. 

Oswatitsch  recognized  that  this  analysis  did  not  account  for  pro¬ 
jectile  hole  losses.  Thus,  examining  the  momentun  flux  term  under  the 
asstmption  of  uniform  properties  over  the  cross  section  of  the  muzzle 
and  projectile  hole: 
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Now  if  the  flow  is  assumed  to  pass  through  a  normal  shock  at  the  brake, 
it  is  decelerated  to  subsonic  velocities.  In  passing  through  the  pro¬ 
jectile  hole, it  expands  to  sonic  velocity  at  the  throat.  Since  the  flow 
is  steady  and  since  the  stagnation  temperature  is  constant  across  the 
shock : 
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Substituting  Into  the  expression  for  efficiency: 
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This  expression  indicates  that  shock  losses  to  the  flow  passing  through 
the  projectile  hole  have  a  favorable  effect  on  efficiency.  Since  p'Sm/Psm 
decreases  with  increasing  Mach  number  and  since  the  Mach  number  increases 
along  the  muzzle  jet  centerline,  this  indicates  that  projectile  hole 
losses  can  be  minimized  if  the  distance  from  the  muzzle  to  the  brake  is 
increased  (i.e. ,  with  increased  brake  standoff,  the  mass  flux  through  the 
projectile  hole  decreases).  However,  this  must  be  balanced  by  the  effect 
of  decreasing  W  with  Psnl/P®-  Ideally,  a  brake  should  be  designed  to  in¬ 
duce  a  normal  shock  to  stand  at  the  projectile  hole  while  inducing  mini¬ 
mum  shock  development  on  the  turning  vanes.  Obviously,  such  a  device 
would  be  impossible  to  construct.  However,  utilizing  this  concept, 
Oswatitsch  designed  a  "back-effect- free"  baffle  which  he  tested  and  com¬ 
pared  with  his  theory,  Figure  16.  The  agreement  is  quite  good,  especial¬ 
ly  in  light  of  the  development  of  oblique  rather  than  normal  shocks  in 
the  projectile  hole. 

7C  j  , 

Additionally,  Oswatitsch  develops  a  method  of  characteristics 
construction  of  the  flow  through  a  muzzle  brake.  He  develops  the  shock 
structure  and  investigates  the  effect  the  first  baffle  has  upon  the 
efficiency  of  the  second.  His  conclusion  is  that  the  efficiency  of  a 
second  brake  suffers  from  two  main  causes: 


1.  Reduced  mass  flow  due  to  presence  of  the  first  brake. 

2.  Reduced  jet  pressure  ratio  due  to  shock  structure. 

The  reduced  pressure  ratio  results  in  less  expansion  in  the  second  jet. 
This  tends  to  develop  a  higher  concentration  of  mass  flux  near  the  axis 
thereby  allowing  for  increased  projectile  hole  losses.  Thus,  to  obtain 
more  efficiency  from  a  given  diameter  second  brake,  it  must  be  placed 
further  from  the  projectile  hole  of  the  preceding  brake  than  the  first 
brake  is  from  the  gun  muzzle,  note  Figure  12.  Oswatitsch  develops  an 
experimental  test  facility  which  he  used  to  corroborate  his  theory  and 
study  the  internal  brake  shock  structure.  However,  a  discussion  of  this 
facility  will  be  deferred  until  Section  IV. 

During  the  war,  research  in  the  United  States  concentrated  on  the 
design  of  blast  deflectors.  The  motivation  of  these  studies  was  to 
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decrease  the  obscuration  generated  in  firing  high  velocity  guns.  The 
work6*49*50  concentrated  on  experimental  investigations  which  will  be 
discussed  in  Section  IV.  Mi  1 1 i kan49ut1 1 1  zed  the  work  of  Corner38  to 
obtain  a  relation  for  the  mcmentvm  flux  from  a  gun.  He  then  used  this 
to  calculate  the  downthrust  on  a  gun  under  the  assumption  of  complete 
gas  efflux  at  sonic  velocity  through  holes  of  a  specified  geometry.  The 
analysis  was  overly  simplistic  failing  to  allow  identification  of  signi¬ 
ficant  geometric  and  gas  dynamic  influences. 

Following  World  War  II,  interest  in  muzzle  device  research  waned. 
Some  reports5*-56  were  produced  which  considered  flow  through  muzzle 
brakes.  Of  these,  only  the  work  of  Smith53-56  contains  an  effort  to 
integrate  advances  in  gas  dynamic  theory  with  muzzle  gas  flows.  Smith’s 
approach  is  similar  to  that  of  Oswatitsch.  He  assunes  the  flow  to  be 
steady  and  utilizes  a  method  of  characteristics  construction57  of  a 
free  jet  to  obtain  the  flow  properties. 

Smith  notes  that  Owen  and  Thornhill  postulate  the  flow  within  the 
first  shock  bottle  to  be  universal,  i.e.,  independent  of  the  pressure 
ratio.  This  statement  is  substantiated  by  Ladenberg's58  experiments. 
Smith  then  assimes  the  force  on  a  baffle  placed  within  the  shock  bottle 
may  be  estimated  by  assuning  :,the  flow  which  would  normally  pass  through 
the  disc  is  simply  removed  from  the  flow  picture  with  a  corresponding 
removal  of  its  thrust  component.  The  same  result  would  be  obtained  If 
we  considered  that  this  flow  were  deflected  normal  to  the  jet  axis, 
without  disturbing  the  remainder  of  the  flow,"  Figure  17.  Smith  notes 
that  an  optimal  value  of  the  axial  brake  location  exists.  For  small 
axial  separation  from  the  muzzle,  there  are  large  losses  through  the 
central  core  flew.  As  the  brake  is  moved  further  from  the  muzzle, 
these  losses  diminish  due  to  greater  flow  impingement  upon  the  brake 
surface.  However,  continued  displacement  tends  to  increase  the  flow 
outside  or  around  the  brake.  These  two  effects  must  be  balanced. 

To  examine  the  optimization  of  brake,  Smith  calculates  the  aero¬ 
dynamic  index,  n,  of  a  selected  brake  versus  the  axial  location,  x, 
within  a  jet  having  Pg/p*  >  1.0.  The  aerodynamic  index,  which  is 
identical  to  the  brake  efficiency,  a,  of  Oswatitsch,  is  defined  to  be: 


where:  T  =  thrust  on  barrel  with  brake 

T  =  thrust  on  barrel  without  brake, 
o 

The  calculated  results  are  shown  in  Figure  18.  Smith  compared  his 
theory  which  was  calculated  for  pe/p„  *  <*  with  results  obtained  from  a 
steady  jet53  which  had  a  pressure  ratio  p„/p(„  =  53.  Theory  and  ex¬ 
periment  agree  well.  To  assess  the  effect  of  variable  y,  a  computation 
for  y  =  1.67  was  made  and  showr  in  Figure  18.  It  is  interesting  to  note 
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that  the  experimental  data  agree  better  with  this  computation.  However, 
a  consideration  of  the  earlier  discussion  on  jet  flows  shows  this  is  not 
surprising.  Since  Increasing  y  or  decreasing  pg/p^  produce  similar 
changes  in  the  initial  jet  deflection  angle,  the  jet  calculation  for 
Pe/P®  ^  7  =  1.67  should  result  in  a  flow  more  geometrically  similar 

to  the  finite  pressure  ratio  jet  (pg/p*  =  53,  y  =  1.4)  of  the  experiments. 

In  later  work54,  Smith  uses  the  analysis  to  predict  the  pressure 
distribution  on  the  brake  and  compares  this  with  experiment,  Figure  19. 

The  ratio  of  the  pressure  difference  between  the  front  and  back  surfaces, 
-p ,  to  the  reservoir  pressure  is  plotted  as  a  function  of  radial  location. 
Apparently  Smith  calculates  pressure  on  the  front  surface  by  assiming  it 
equal  to  the  stagnation  pressure  behind  a  normal  shock  standing  at  the 
location  of  the  surface  in  a  flow  field  computed  from  the  method  of 
characteristics.  The  technique  to  calculate  the  pressure  on  the  rear 
surface  is  not  indicated,  Possibly,  the  rear  surface  pressure  may  be 
assumed  to  be  equal  to  the  ambient  pressure. 

To  validate  the  use  of  a  steady  jet  analysis  for  the  computation  of 
brake  effectiveness  of  an  actual  weapon,  Smith  compares  the  value  of  the 
aerodynamic  index  obtained  in  his  steady  flow  experiments  with  that  ob¬ 
tained  in  firing  a  7.62mm  rifle.  The  comparison  is  good.  Since  the  un¬ 
steady  flow  experiments  compare  well  with  the  steady  jet  theory.  Smith 
concludes  that  the  analysis  is  valid. 

The  similarities  between  the  work  of  Smith  and  Qswatitsch  are  quite 
apparent.  Both  assume  steady  flow  models,  utilize  the  method  of  char¬ 
acteristics  to  construct  a  flow  field,  and  then  evaluate  brake  effective¬ 
ness  with  identical  indices.  In  Section  IV,  the  similarities  of  their 
experimental  approaches  will  be  examined.  The  work  of  these  two  men 
essentially  represent  the  current  state  of  muzzle  brake  theory. 

B .  Flash  Suppressors 

Of  all  the  phenomena  occuring  at  the  muzzle  of  a  gun,  flash  is  the 
most  difficult  to  analyze.  Not  only  must  the  gas  dynamics  be  investi¬ 
gated,  but  the  chemical  kinetics  associated  with  propellant  gas/air 
mixtures  must  be  coupled  with  the  flow  field.  The  Franklin  Institute 
has  performed  a  great  deal  of  flash  related  research59"65  and,  in  fact, 
produced  the  current  Army  Handbooks  on  trie  subject46'66.  Reviews  of  the 
research  performed  both  at  Franklin  Institute  and  elsewhere  are  avail¬ 
able67*69.  These  show  that  flash  research  is  concentrated  largely  on 
experimental  investigations  while  theory  is  quite  basic  and  largely 
qualitative  in  nature. 

A  schematic  of  the  flash  phenomena  showing  its  salient  features40 
is  shown  in  Figure  20.  As  the  projectile  is  forced  down  the  tube,  a 
certain  amount  of  high  pressure  propellant  gases  leak  around  it..  The 
leakage  mixes  with  the  tube  gas  and  is  ejected  from  the  gun  tube  forming 
the  precursor  flow  field,  Figure  1.  If  the  tube  gas  was  largely  air. 
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the  ejected  propellant  gas/air  mixture  could  be  burning  upon  exit,  or, 
if  the  tube  gas  was  mainly  the  propellant  gases  remaining  from  a  pre¬ 
viously  fired  round,  then  mixture  with  the  atmosphere  could  cause 
ignition.  In  any  case^the  flash  which  occurs  prior  to  the  round  break¬ 
ing  the  muzzle  is  known  as  preflash. 

With  the  uncorking  of  the  projectile,  the  high  pressure  propellant 
gases  are  released.  At  the  muzzle,  the  propellant  gases  are  at  high 
temperature  and  are  likely  incandescent.  This  bright  orange  incan¬ 
descence  forms  what  is  known  as  primary  flash.  As  the  gases  move  away 
from  the  muzzle,  they  expand  very  rapidly  experiencing  a  large  drop  in 
temperature.  This  temperature  drop  quenches  the  incandescent  radiation. 
However,  a  dull  reddish  glow  has  been  observed  within  the  shock  bottle 
and  may  be  due  to  energy  release  from  internal  energy  levels  which  can 
not  adjust  to  the  rapid  changes  in  flow  properties.  This  continued 
radiation  in  the  expansion  region  is  known  as  muzzle  glow.  When  the 
gases  pass  the  normal  shock,  they  are  slowed  to  subsonic  velocities, 
compressed  and  brought  to  a  high  static  temperature.  This  conversion  of 
the  kinetic  flow  energy  to  internal  energy  of  the  gas  causes  the  propel¬ 
lant  gas  to  become  incandescent  once  more.  This  region  is  called 
intemediate  flash. 

By  far  the  most  severe  flash  phenomena  is  secondary  flash.  This 
flash  results  from  the  combustion  of  the  propellant  gas/air  mixture  at 
the  boundary  of  the  jet.  The  propellant  gases  mix  with  the  air  in  the 
turbulent  shear  layer  and  in  the  vortex  ring.  The  propellant  gases 
consist  largely  of  carbon  monoxide  and  hydrogen  with  lesser  amounts  of 
carbon  dioxide,  nitrogen,  water  vapor,  traces  of  hydrocarbons  and  nitro¬ 
gen  oxides.  Since  the  propellant  gases  are  oxygen  poor,  mixing  with  the 
oxygen  rich  air  forms  a  combustible  mixture  requiring  only  a  suitable 
source  of  ignition.  Among  the  possible  sources  of  ignition  are: 

1.  ignition  by  preflash, 

2.  spontaneous  ignition, 

3.  ignition  by  intermediate  flash, 

4.  burning  powder  particles, 

5.  hot  muzzle , 

6.  tracer  rounds. 

An  experimental  investigation  conducted  by  Stephens60  indicated  the 
possibility  of  ignition  by  the  preflash.  In  a  set  of  firings  of  a  cali¬ 
ber  .50  gun,  axial  holes  of  various  diameters  were  drilled  in  the  pro¬ 
jectile.  As  the  size  of  the  hole  increases,  the  amount  of  propellant 
gas  leakage  and,  thereby,  the  preflash  effects  grow  stronger.  Stephens 
also  observed  that  tha  secondary  flash  increased  with  increasing  hole 
size  indicating  a  connection  between  the  two  phenomena. 
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Spontaneous  ignition  was  examined  by  Stephens60  who  developed  a 
technique  to  calculate  the  temperature  of  the  air  gas  mixture  upon 
ejection  from  an  ideal  flash  suppressor,  i.e.,  one  that  ejects  the  gas 
at  atmospheric  pressure.  He  points  out  that  even  under  optimal  con¬ 
ditions  it  may  not  be  possible  to  prevent  spontaneous  ignition  once  the 
propellant  gas  and  air  reach  a  certain  mixture  ratio.  Fay63  indicates 
that  spontaneous  ignition  is  the  most  likely  source  of  ignition. 

Ignition  by  the  intermediate  flash  is  also  noted  as  possible  by 
Fay63.  The  effectiveness  of  bar  type  suppressors  in  eliminating  inter¬ 
mediate  flash59’03 ’6S, and, through  it, secondary  flash  demonstrates  the^ 
ignition  capability  of  these  phenomena.  A  set  of  photographs  by  Hodil70 
seem  to  indicate  the  growth  of  the  secondary  flash  from  the  intermediate 
flash.  The  remaining  sources  of  ignition  have  been  noted  by  various 
researchers6 ’6e ’71  >7-  . 

The  literature  on  muzzle  flash  contains  no  analyses  which  attempt 
to  model  the  chemical  kinetics  of  the  propellant  gas  at  various  points 
in  the  flow  field.  The  reason  for  this  is  quite  readily  ascertained. 
There  is  no  available  model  which  accurately  describes  the  non-reacting 
flow.  Although  the  method  of  characteristics  has  been  widely  used  in 
muzzle  brake  analysis,  the  assumption  of  an  inviscid  flow  is  not  applic¬ 
able  if  flash  is  to  be  modeled.  Additionally,  the  chemistry  is  dependent 
upon  an  accurate  appraisal  of  pressure,  temperature  and  residence  times 
the  mixture  undergoes.  The  current  state-of-the-art  does  not  appear 
capable  of  providing  an  analysis  which  could  handle  all  of  the  phenomena 
associated  with  a  propellant  gas  jet. 

The  consideration  of  a  technique  to  suppress  flash  is  thus  largely 
a  matter  requiring  empirically  based  principles.  The  current  suppres¬ 
sion  techniques  may  be  categorized  as: 

1.  Addition  of  flash  inhibitors  to  the  propellant. 

2.  Utilization  of  propellant  energy  through  interior  ballistic 
design  to  reduce  residual,  post-ejection  propellant  gas  energy. 

3-  Utilization  of  muzzle  devices. 

The  fi ret  two  techniques  will  not  be  considered  here.  There  are  two 
types  of  muzzle  devices  used  on  weapons1*6,  the  flash  hider  and  the  flash 
suppressor.  Figure  21.  The  flash  hider  merely  covers  the  light-emitting 
portion  of  the  muzzle  gas  flow.  The  conical  flash  hider  is  shown  cover¬ 
ing  the  primary  flash  and  the  muzzle  glow.  If  made  significantly  larger, 
this  type  of  device  could  also  shield  against  intermediate  flash.  How¬ 
ever,  it  does  not  eliminate  secondary  flash,  nor  does  it  prevent  obser¬ 
vation  from  the  front. 

Flash  suppressors  are  active  devices.  They  are  utilized  to  control 
the  efflux  of  propellant  gases.  7 he  >.onical  flash  suppressor  was  the 
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device  most  surveyed  during  World  War  1 1 6 8 ,73—75 _  Supposedly,  the 
device  expands  the  propellant  gases  until  they  reach  atmospheric  pres¬ 
sure  at  the  exit.  This  prevents  the  formation  of  an  underexpanded  jet 
and  its  associated  shock  structure,  eliminating  intermediate  flash  and, 
hopefully,  secondary  flash  by  removing  its  ignition  source.  Since  the 
jet  is  being  exhausted  at  supersonic  velocities,  and  at  an  initial  non¬ 
zero  deflection  angle,  shocks  will  form  within  it  emanating  from  the 
viscous  mixing  layer.  However,  the  shocks  will  not  be  as  strong  as  the 
boundary  shocks  and  Mach  disc  formed  within  the  bare  muzzle  jet.  A 
point  worthy  of  note  is  that  a  device  of  this  design  is  essentially  a 
supersonic  thruster  nozzle,  and  as  such,  will  increase  the  recoil  of 
the  weapon. 

The  bar  type  flash  suppressor  is  similar  to  the  conical  suppressor 
in  that  it  is  designed  to  alter  the  flow  shock  structure.  The  device 
consists  of  an  odd  nimber  of  bars  placed  around  the  bore-line  of  the 
weapon.  The  slots  formed  are  essentially  slit  nozzles  which  allow  the 
flow  to  expand  radially  in  a  quasi-planar  manner.  The  utilization  of 
an  odd  nunber  of  bars  prevents  symmetric  wave  reflection.  Figure  5, 
from  the  centerline  which  eventually  builds  up  into  the  boundary  and 
normal  shock  structure.  Both  this  and  the  conical  flash  suppressor 
control  the  tendency  of  the  flow  to  overexpand  and  then  recompress 
through  a  normal  shock.  The  elimination  of  the  normal  shock  prevents 
intermediate  flash  and  retards  secondary  flash. 

The  capabilities  of  a  variety  of  muzzle  devices  to  suppress  the 
flash  from  a  multiple  shot  weapon  were  experimentally  examined  by 
Watling76.  Mounting  the  devices  on  a  caliber  .30  machine  gun,  he  fired 
a  multiple  burst  sequence  which  consisted  of  firing  for  four  seconds, 
resting  for  eleven  seconds,  and  recycling.  The  resultant  rate  of  fire 
was  150  rounds  per  minute.  He  defines  an  efficiency  index: 

_  number  of  rounds  fired 
11  number  of  rounds  that  flash 

The  optimal  value  of  n  is  infinity  which  implies  zero  flashing,  and 
the  worst  value  is  one, implying  all  rounds  flash.  A  sample  of  the 
types  of  devices  he  tested  and  the  resulting  indices  are  shown  in 
Figure  22. 

The  results  are  somewhat  surprising.  The  standard  bar  type  sup¬ 
pressor  does  not  perform  as  well  as  some  of  the  more  exotic  designs. 
However,  the  method  of  firing  must  be  considered  since  multiple  bursts 
will  heat  up  the  barrel  and  muzzle  device .thereby  decreasing  the  flash 
suppression  capability  of  the  system.  Thus  a  device  which  is  extremely 
effective  for  single  shot  or  short  burst  firing  may  not  work  well  in  a 
prolonged  firing  role.  Additionally,  there  is  data  available  which 
does  not  completely  agree  with  Watling's  results.  Bar  type  suppressors 
have  been  shown  sufficient  for  miniguns71 >72  while  the  addition  of  a 
blast  suppressor  (silencer  slots)  to  other  weapons70  did  not  notice¬ 
ably  effect  the  flash.  These  inconsistencies  indicate  the  need  to 
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correlate  the  available  information  with  respect  to  the  type  of  device 
used,  the  weapon  fired,  the  ammunition,  the  mode  of  firing,  etc.  The 
lack  of  this  correlation  is  partially  responsible  for  the  lack  of  firm 
design  principles  for  flash  suppressors. 

The  last  device  shown  in  Figure  22  is  interesting.  The  device  has 
an  expansion  chamber  followed  by  a  converging-diverging  nozzle.  Ap¬ 
parently  the  nozzle  is  to  function  like  the  diffuser  section  of  a  super¬ 
sonic  wind  tunnel.  At  its  optimal  condition,  the  device  should  operate 
as  shown  in  Figure  23.  The  flow  expands  from  a  sonic  muzzle,  then  is 
turned  parallel  to  the  chamber  walls  through  a  shock.  The  shock  is 
reduced  to  a  Mach  wave  through  interaction  with  the  reflected  expansions 
(note:  waves  reflect  from  solid  boundaries  as  the  same  type  waves). 

This  type  of  "bounded  jet"  was  investigated  by  Barakauskas77  who  claimed 
the  resultant  flow  was  similar  to  that  from  a  Laval  nozzle.  If  this 
were  the  case,  an  expansion  into  a  chamber  with  a  radius  larger  than 
that  of  the  muzzle  would  produce  supersonic  flow.  This  supersonic  flow 
then  passes  through  the  diffuser.  The  diffuser  throat  must  be  suffi¬ 
ciently  large  to  pass  the  mass  flux  of  the  propellant  gas  flow.  If  not, 
choking  will  occur  and  the  chamber  will  be  shocked  down  to  subsonic 
velocity  with  sonic  conditions  at  the  diffuser  throat.  The  flow  would 
then  expand  to  supersonic  velocities  in  the  diverging  section  of  the 
diffuser  which  is  the  situation  this  design  seeks  to  avoid.  Assuming 
choking  does  not  occur,  the  ideal  case  would  result  in  the  development 
of  a  normal  shock  downstream  of  or  at  the  throat  which  will  bring  the 
flow  to  subsonic  velocities  behind  it.  The  flow  then  passes  the  diver¬ 
gent  section  subsonically  which,  according  to  quasi-one  dimensional  gas 
dynamics,  decreases  the  flow  velocity  and  increases  the  static  pressure. 
Through  proper  design, such  a  diffuser  would  eject  the  flow  at  low 
subsonic  velocity  and  a  static  pressure  which  was  nearly  ambient. 

These  argunents  are  somewhat  misleading  in  that  they  consider  a 
steady  flow.  On  this  basis,  calculation  shows  for  a  chamber-to- 
muzzle  radius  ratio  of  6.0  that  a  chamber  Mach  number  of  5.50  results. 

At  this  Mach  number  and  with  atmospheric  ejection,  the  muzzle  stag¬ 
nation  pressure  could  be  only  about  350  psi  to  maintain  the  ideal 
state.  For  higher  pressures, the  normal  shock  would  be  pushed  out  of 
the  diffuser  resulting  in  supersonic  exit.  However,  the  effect  of  the 
unsteady  nature  has  not  been  considered.  The  expansion  of  the  gases 
into  the  nozzle  chamber  does  not  occur  with  steady  properties  at  the 
muzzle.  Rather,  the  pressure,  temperature  and  density  are  continually 
dropping;  thereby  making  it  conceivable  that  while  the  nozzle-diffuser 
would  be  initially  supersonic  throughout,  at  later  times  an  ideal  flow 
situation  could  evolve.  However,  Watling  makes  no  attempt  to  analyze 
the  flow  through  these  devices. 

The  detailed  investigation  of  flash  suppressor  physics  requires 
more  information  than  is  currently  available.  The  basic  principles 
of  the  devices  are  only  vaguely  known.  A  unified  data  base  would  be 
desirable  in  order  to  allow  for  an  identification  of  significant 
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parameters  effecting  flash  In  various  weapons.  A  technique  to  mathe¬ 
matically  model  the  flow  field  within  these  devices  would  be  extremely 
useful . 


C.  Blast  Suppressors 

Gun  blast  adversely  effects  the  gunner,  his  concealment,  surround¬ 
ing  personnel  and  structures.  The  blast  forms  when  the  excess  propel¬ 
lant  gas  energy  is  released  into  the  atmosphere.  The  propellant  gas 
energy  is  transferred  to  the  surrounding  air  by  viscous  shear,  radiation 
and  heat  conduction,  but  the  most  rapid  transfer  of  energy  occurs  as  the 
propellant  gas  expands  into  the  atmosphere  doing  work  by  displacing  the 
surrounding  air.  This  displacement  at  the  muzzle  propagates  as  a  series 
of  compression  waves  to  all  parts  of  the  fluid.  The  compression  waves 
coalesce  rapidly  into  a  blast  wave.  The  intensity  of  the  blast  is 
greatest  near  the  muzzle  and  is  selective  in  the  sense  that  the  highest 
intensity  occurs  where  the  most  air  displacement  is  effected,  i.e.,  to 
the  front  of  the  weapon  due  to  the  directed  kinetic  energy  of  the  pro¬ 
pellant  gas.  As  the  blast  expands  radially  away  from  the  muzzle,  the 
propellant  gas  energy  is  deposited  over  an  ever  increasing  surface  area 
displacing  greater  volumes  of  air.  This,  coupled  with  the  decreasing 
rate  of  energy  deposition  at  the  muzzle  as  the  gun  tube  empties,  causes 
the  intensity  of  the  blast  to  drop  rapidly  as  it  travels  away  from  the 
weapon.  At  sufficiently  large  distances,  the  blast  wave  decays  to  a 
sound  wave. 

The  control  of  weapon  blast  centers  on  the  technique  of  releasing 
the  excess  propellant  gas  energy  into  the  atmosphere.  The  history  of 
device  innovation  may  be  traced  through  the  list  of  patents78  on  designs 
to  accomplish  this  energy  control.  Basically,  the  devices  attempt  to 
reduce  blast  through  energy  absorption,  energy  dissipation,  and  energy 
containment  and  controlled  release,  Figure  24.  Energy  absorbing  devices 
use  heat  transfer  from  the  hot  propellant  gases  to  cold  metal  fibers  or 
device  channel  walls.  This  heat  transfer  lowers  the  gas  temperature 
thereby  decreasing  the  amount  of  energy  available  to  perform  work. 
Dissipative  devices  attempt  to  force  the  propellant  gas  to  perform  work 
on  the  muzzle  device  prior  to  release  into  the  atmosphere.  The  work 
can  be  in  the  form  of  viscous  shear  on  channel  walls  or  through  fibrous 
packing,  or  it  may  perform  work  on  a  movable  device  such  as  a  rotor. 
Energy  containment  devices  consist  of  chambers  into  which  the  propellant 
gas  expands, decreasing  the  volumetric  energy  concentration  and  allowing 
release  at  reduced  pressure,  temperature  and  velocity.  These  categories 
are  not  at  all  exclusive  and  many  devices  utilize  combinations  of  some 
or  all  of  them. 

There  is  great  difficulty  in  translating  basic  principles  such  as 
these  into  field-worthy,  effective  hardware.  The  state  of  blast  sup¬ 
pressor  technology  testifies  to  this  fact.  Existing  theory  is  largely 
empirical  in  nature, being  an  off-shoot  of  research  into  large  scale 
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explosions.  Westine79»80  develops  scaling  laws  for  the  blast  field 
about  guns  based  upon  a  technique  presented  by  Hopkinson81.  The 
Hopkinson  scaling  law  was  for  the  blast  field  about  conventional  ex¬ 
plosions.  Schlenker82 *8U  devised  a  technique  to  compute  the  blast 
field  around  artillery  pieces  with  and  without  muzzle  brakes.  His 
analysis  used  the  theoretical  results  of  Brode85’86  which  was  produced 
for  point  and  spherical  source  explosions. 

Furrer87  produced  an  interesting  report  which  cormiences  with  an 
experimentally  derived  scaling  law  for  conventional  explosions  and  then 
attempts  to  obtain  a  similar  law  for  weapon  blast.  Using  quartz  micro¬ 
phones,  Furrer  obtained  traces  of  the  blast  pressure  leyel  at  a  given 
location  as  a  function  of  time,  Figure  25.  The  first  plot  represents 
a  pressure-time  trace  for  the  blast  of  a  spherical  charge.  Furrer  ob¬ 
served  that  both  p0  and  to,  the  maximum  side-on  overpressure  and 
positive  phase  duration,  respecti vely ,  scale  with  the  charge  weight,  Q. 
Additionally,  he  noted  that  p0  drops  as  the  inverse  of  the  distance 
from  the  charge.  He  gives  the  following  scaling  law: 


tQ  =  2,85  Qc-12 

where:  pQ  -  Kg/cm2 

tQ  -  milliseconds 
r  -  meters 
Q  -  Kg  TNT 

Performing  the  same  experiments  with  a  gun,  he  noted  the  pressure-time 
traces  were  not  as  simple.  Spikes  appear  on  the  trace  not  only  due  to 
the  main  blast  arrival,  but  also  due  to  flash  blast  and  ground  reflec¬ 
tion.  However,  he  noted  that  at  large  distances  from  the  weapon, the 
blast  waves  coalesce  and  resemble  the  blast  from  a  spherical  charge. 

In  firing  2  cm  through  15  cm  cannon, he  noted  the  following  scaling  law 
to  be  applicable: 


t  =  1.80  Q: • 2U 

where  measurements  were  taken  along  a  line  perpendi cul ar  to  the  gun 
bore  and  even  with  the  muzzle.  Furrer  also  measured  the  blast  field 
around  a  gun  with  and  without  a  muzzle  brake  noting  the  resultant  dis¬ 
tortion  of  the  pressure  contours,  Figure  26. 


Research  conducted  in  the  United  States  during  World  War  II  indi¬ 
cated  that  the  scaling  law  for  gun  blast  was  not  as  simplistic  as  Furrer 
indicates.  Westlne79*80  reviews  this  research88’89  and  extends  it  to 
develop  more  comprehensive  scaling  laws.  Both  Reynolds88  and  the  Navy89 
noted  from  experimental  data  that  the  peak  overpressures  about  guns  would 
be  equal  at  Identical  geometric  locations  if: 

1.  All  distances  were  measured  in  calibers. 

2.  Projectile  (muzzle)  velocities  were  equal. 


where:  M  =  projectile  mass 
E  =  propellant  energy 
c  =  gun  caliber 
i  =  gun  barrel  length 

4.  Neglect  heat  conduction,  viscosity  and  gravitational  effects. 
The  Navy  noted  that  the  scaling  could  be  extended  to  the  impulse,  the 
area  indicated  by  cross-hatching  in  Figure  25,  if  the  impulse  was 
divided  by  the  gun  caliber.  Wes tine79  points  out  that  these  scaling 
laws  are  similar  to  the  Hopkinson81  spherical  charge  scaling  law: 


where:  r  =  radial  distance  from  charge 
d  =  charge  diameter 
I0=  positive  phase  impulse. 

The  principal  drawback  of  the  Navy  scaling  laws  is  the  lack  of  flexi¬ 
bility.  The  requirements  of  equal  muzzle  velocity  and  scaled  projectile 
mass,  propellant  charge  and  barrel  length  mean  that  the  blast  field 
about  a  weapon  could  not  be  scaled  from  existing  data  unless  these  exact 
conditions  happened  to  be  available. 

Westine  notes  that  Barton,  et  al 9 °, introduce  an  extension  to  this 
scaling  law  which  makes  it  considerably  more  flexible.  Barton  approxi¬ 
mates  the  blast  field  about  a  gun  by  the  blast  field  around  a  spherical 
charge  of  reduced  energy,  w,  located  a  distance  r0  from  the  muzzle. 

The  reduced  energy  is  calculated  from: 

w  =  n  (E  -  1/2  Mv2) 
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where:  w  =  reduced  energy 

n  =  empirical  correlation  factor 
E  =  propellant  energy 
M  =  projectile  mass 
v  =  muzzle  velocity. 


The  distance  r0  is  empirically  determined  as  the  approximate  location 
of  the  center  of  a  gun  blast  shock  envelope.  The  overpressures  were 
then  said  to  be  equal  at  equivalent  geometric  locations  where  the  dis¬ 
tances  were  scaled  by  the  cube  root  of  the  reduced  energy: 


This  scaling  eliminated  the  restrictions  of  equal  f.r.rzle  velocity  and 
scaled  projectile  mass,  propellant  energy  and  barrel  length. 

Westine79  notes  that  all  of  the  aforementioned  scaling  laws  do  not 
consider  the  ratio  of  bore  length  to  diameter  as  being  significant.  For 
this  reason,  Westine  claims  the  techniques  can  not  scale  all  types  of 
weapons  equally  well,  i.e.,  rifles  would  not  scale  with  mortars  or 
pistols.  To  alleviate  this  difficulty,  Westine  proposes  an  improved 
scaling  law: 

Poc3  -  f  fx.  X  L  ' 
w  v, c ’  c*  c  , 


-1 0 C 2  _  f  fx.  1  L  ' 

w  (c*  c*  c 

where:  w  =  E-l/2  Mv2 

x  =  axial  dimension 
y  =  transverse  dimension 

The  functions  are  then  obtained  from  experiment  and  presented  as  a 
universal  plot  of  non-dimensional  overpressure  versus  distance  in  cali¬ 
bers.  Westine  observed  from  the  experimental  results  that  the  overpres¬ 
sure  parameter  could  be  approximated  as: 

=  f  fx  x 

w  ic’  c. 

This  is  seen  to  be  equivalent  to  multiplying  the  original  parameter  by 
t/c._  The  resulting  relation  is  seen  to  be  quite  general  and  Westine 
claims  it  to  be  valid  to  an  extremely  large  variety  of  guns.  His  plot 
of  overpressure  is  shown  in  Figure  27.  As  an  indication  of  the  range  of 


applicability  possessed  by  the  "universal1  pressure  field,  Westlne 
cross  plots  his  data.  Figure  28  preseiits  the  results  obtained  by 
plotting  the  overpressure  parameter  against  y/c  for  x/c  *  0.  Also 
presented  is  data  from  experiments  on  a  wide  variety  of  weapons.  The 
correlation  is  very  good,  and  the  range  of  weapons  considered  is  ob¬ 
viously  extensive.  Westlne  indicates  that  some  of  the  scatter  could  be 
due  to  the  difficulty  in  calculating  the  available  energy,  w.  The  tests 
examined  were  not  conducted  to  specifically  examine  the  Westine  scaling 
law,  and,  therefore,  did  not  contain  all  of  the  data  required  for  the 
computation,  e.g.,  muzzle  velocity  and  propellant  specific  energy. 


Westine  also  presents  a  universal  curve  for  the  side-on,  positive 
phase  impulse  which  was  experimentally  determined  to  scale  according  to: 
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Westine  notes  that  this  is  not  a  non-dimensional  parameter,  but  should 
also  contain  the  speed  of  sound  in  air.  However,  he  assumes  this  to  be 
a  constant  and  does  not  choose  to  include  it  giving  the  above  parameter 
the  dimensions  of  inverse  velocity.  His  results  are  shown  in  Figure  29. 
Again  the  data  is  seen  to  correlate  well  when  cross  plotted  and  com¬ 
pared  with  the  results  of  a  variety  of  weapons  tests. 


The  third  important  blast  parameter  Westine  considers  ^ s  the  time 
of  arrival  of  the  blast  front.  Westine  writes  the  scaling  law  for  time 
of  arrival  as: 

!  l/3l 

la  _  *  x  %  i  w  ' 

c  [c*  c’  c’  c  , 


Westine  assumes  this  function  can  be  approximated  by  representing  the 
muzzle  blast  front  as  being  equivalent  to  the  blast  front  propagating 
from  a  point  charge  located  at  some  distance,  L/c,  along  the  boreline 
away  from  the  gun  muzzle.  Thus  the  blast  is  assumed  spherical  and  the 
propagation  distance,  r,  is  measured  from  the  center  of  explosion, 
y/c  =  0,  x/c  =  L/c.  The  location  of  the  point  charge  is  empirically 
determined  to  be  a  function  of  c/w'/3.  The  geometry,  point  charge 
location  and  time-distance  results  of  Westine  are  shown  in  Figure  30. 
The  scaling  for  time  of  blast  arrival  is  more  complex  than  overpressure 
and  impulse  scaling.  However,  this  is  in  part  due  to  the  lack  of  time 
of  arrival  data.  Westine's  results  indicate  that  once  the  center  of 
the  blajt  is  located  as  a  function  of  c/w'/3  then: 


Ll 
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In  this  sense  the  scaling  is  similar  to  that  previously  obtained  for  p0 
and  I0.  It  is  interesting  to  note  that  the  blast  data  possess  a  slope 
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almost  equal  to  the  some  slope.  This  indicates  that  after  an  initial 
period  of  propagation  at  sPeeas  in  excess  of  the  local  speed  of  sound 
in  air,  the  blast  strength  drops  quickly  and  the  wave  speed,  ar/.'.T0, 
rapidly  approaches  sonic  velocities. 

The  scaling  laws  discussed  thus  far  have  been  for  bare  muzzles. 

The  addition  of  a  muzzle  device  increases  the  complexity  of  the  problem 
considerably.  Schlenker'1  '~su  perforins  an  analysis  to  approximate  the 
blast  field  around  guns  equipped  with  muzzle  brakes.  His  approach  is 

similar  to  that  cf  Barton,  ct  al30.  A  reduced  gas  energy  at  the  time 

of  shot  ejection  is  computed.  Thi$  energy  is  allocated  to  two  poir+ 
sources  located  or.  either  side  of  the  muzzle  brake.  The  resultant  pres¬ 
sure  field  is  then  computed  utilizing  the  point  source  analysis  of 
6rodeh;\  Levin95  performs  an  analysis  similar  to  that  of  Scl.lenker  with 
the  exception  that  Levin  allocates  the  mduced  energy  not  only  through 
the  brake  ports  but  also  through  the  projectile  orifice.  Levin  utilizes 
data  obtained  from  recoilless  rifle  filings  as  his  basic  source  of  blast 

information.  This  data  enabled  hm.  to  include  the  effects  of  port  flow 

directionality.  Additionally,  Levin's  analysis  allows  for  the  consider¬ 
ation  of  projectile  residency  within  the  brake. 

The  analysis  of  the  effects  of  blast  suppressor  design  upon  the 
muzzle  blast  has  not  been  extensive.  No  significant  attempts  at  model¬ 
ing  energy  absorption  or  dissipation  devices  were  uncovered.  However, 
attempts  have  been  made  in  the  investigation  of  devices  utilizing  energy 
containment  and  controlled  release.  Bixler,  et  al  sludi  ed  r,;ul  ti -baf¬ 
fle  devices  both  theoretically  and  experimentally.  Three  theoretical 
approaches  are  offered:  acoustic  theory,  blast  theory  and  quasi-one- 
dimensional  flow  theory.  The  acoustic  theory, which  forms  the  basis  for 
the  design  of  conventional  (e.g.,  automobile)  muff lers, assumes  linear 
or  sonic  wave  motion.  This  is  obviously  inapplicable  to  the  strong, 
non-linear  muzzle  blast,  and  Li-ler  indicates  that,  the  resultant  appli¬ 
cation  is  not  valid.  The  blast  theory  put  forth  in  this  report  con¬ 
siders  a  situation  similar  to  Figure  31. 

The  blast  front  expands  spnerically  at  a  velocity  relative  to  its 
geometric  center  equal  to  vs .  At  the  same  time, the  geometric  center 
translates  at  a  constant  velocity  vc.  This  blast  expands  into  a  multi- 
baffle  blast  suppressor  with  a  geometry  as  shown.  Bixler  then  applies 
the  quasi -one-dimensi onal  shock  propagation  theory  of  Whitham3-1  to  the 
multi -chambered  channel  of  the  blast  suppressor.  The  application  of 
the  Wintham  theory  to  this  configuration  is  somewhat  tenuous.  In  it, 
area  variations  are  small  in  order  to  permit  the  ut'“‘zation  cf  one¬ 
dimensional  characteristic  theory.  For  the  geometry  considered  by 
Bixler,  the  area  changes  occur  suddenly,  completely  destroying  the  one- 
dimensionality  cf  the  flow.  However,  Bixler  makes  use  ot  Whitham 's 
relation  for  a  strong  shock  expanding  into  a  varying  area  channel : 


where: 


p  =  static  pressure 
A  -  area 

iC*  =  function  of  shock  Mach  number 
=  0.394  for  K»  -*•  «  and  y  =  1.4 

Bixler  assumes  the  blast  to  propagate  as  shown  in  the  sequence  in 
Figure  31.  The  projectile  effect  is  neglected  allowing  the  blast  to 
propagate  in  accordance  with  the  geometry  specified  earlier.  In  a 
certain  time  interval,  At,  the  blast  front  reaches  the  first  baffle 
surface,  sequence  schematic  3.  Since  the  blast  front  propagates  at  a 
velocity  equal  to  vc  +  vs ,  and  since  the  distance  from  the  muzzle  to  the 
first  baffle  is  s,  the  time  interval  is  calculated  to  be: 


To  use  Whitham's  pressure  formula,  Bixler  must  calculate  an  equivalent 
channel  area.  This  he  approximates  as  being  equal  to  the  surface  area 
of  a  spherical  blast  front  of  radius  vs  At,  less  the  bore  area-' 

A  -  4  -  ( vs  At) 2  - 


Then  utilizing  Whitham's  strong  shock  equation,  Bixler  obtains 
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where: 


Pm  =  muzzle  pressure 

P1  =  pressure  at  the  exit  of  the  first  chamber. 


Substitution  of 
rewri tten: 


the  above  relation  for  At  allows  the  equation  to  be 
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0.394 


In  order  to  obtain  a  relation  for  the  pressure  drop  in  expanding  into 
subsequent  chambers,  Bixler  assumes  the  process  occurs  identically  in 
all  chambers.  Thus  assuming  identical  geometry  and  constant  shock 
propagation  velocities,  he  obtains: 
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The  assumptions  used  to  obtain  this  expression  are  not  justifiable. 

His  method  of  sequential  expansion  of  the  blast  implies  that  the  blast 
boundaries  remain  frozen  in  a  chamber  once  the  front  of  the  blast  moves 
into  the  next  chamber.  This  is  not  a  physical  reality.  The  blast  con¬ 
tinues  to  expand,  reflecting  from  chamber  boundaries  and  raising  the 
chamber  pressure  drastically.  Thus  the  pressure  within  the  chamber  is 
not  constant  ncr  is  it  as  low  as  would  be  predicted  by  Bixler's  method. 
This  fact  is  noted  by  Bixler  in  his  comparison  of  the  theory  with 
experiment.  He  finds  that  the  predicted  attenuation  is  considerably 
higher  than  was  experimentally  observed. 

Bixler's  third  theory,  the  shock  tube  theory,  attempts  to  relate 
the  blast  propagation  to  a  diaphragm  rupturing  at  the  muzzle  causing  the 
shock  to  propagate  at  a  Mach  number,  M10,  into  the  first  chamber.  He 
notes  that  the  gas  is  not  at  rest  when  the  diaphragm  bursts  (bullet 
uncorks),  but  is  travelling  at  the  projectile  velocity,  vp.  He  then 
obtains  a  shock  Mach  number  at  the  muzzle  by  adding  the  two: 

Mo  =  MlC  +  V 

This  type  of  addition  is  deceptive.  The  fact  that  the  gas  has  a  finite 
velocity  when  it  breaks  the  muzzle  necessitates  that  the  kinetic  energy 
be  accounted  for  in  the  calculation  of  Mlc,  i.e.,  the  effect  is  not 
linear.  Bixler  then  applies  Whitham's  theory  to  the  expansion  into  the 
chamber,  calculating  the  resultant  shock  Mach  number: 

Mi  -  N  K"/2 

Mc  '  S  A ! , 

v  i 

where:  M ;  =  Mach  nuaber  at  exit  to  first  chamber 

A;  =  crcss-sectional  area  of  first  chamber 
=  muzzle  bore  area. 

The  pressure  is  then  apparently  calculated  from  known  conditions  at  the 
muzzle  and  the  computed  Mach  number.  This  procedure  is  then  continued 
through  subsequent  baffles.  Again,  the  assumption  of  quasi-one- 
dimensional  flow,  no  reflections  of  blast  and  a  linear  diaphragm  velo¬ 
city  addition  are  not  justifiable.  The  resulting  comparisons  with  ex¬ 
periments  reflects  the  lack  of  physical  reality  in  this  theory. 

An  additional  problem  with  this  analysis  is  its  inability  to 
account  for  projectile  presence  in  the  device.  Skochko  and  Greveris78 
conducted  extensive  tests  on  a  wide  variety  of  suppressor  designs. 

Their  results  show  that  projectile  presence  effects  blast  in  the  sense 
that  it  presents  a  significant  blockage  to  propellant  gas  expansion. 

This  blockage  is  not  complete  and  part  of  the  high  pressure  gases  leak 
around  the  projectile  forming  a  distinct  "blow-by"  blast  measured  prior 


to  tne  main  propellant  gas  blast.  The  measured  blast  structure  as  con¬ 
structed  from  these  experiments  is  shown  in  Figure  32.  The  four  distinct 
blast  pulses  were  measured  near  the  muzzle.  Further  away  there  is  a 
tendency  for  them  to  coalesce  into  a  single  disturbance. 

Another  effect  of  the  bullet  presence  would  be  the  facilitation 
of  the  development  of  a  quasi-steady  flow  structure  within  the  device. 
With  the  bullet  standing  in  the  exit  from  a  chamber,  the  gases  would  be 
forced  to  expand  completely  into  the  chamber  prior  to  emergence  through 
the  hole.  If  the  gas  flow  attains  supersonic  velocity,  shock  formation 
would  cause  a  loss  in  stagnation  pressure  which,  coupled  with  the  volu¬ 
metric  expansion,  would  attenuate  the  resultant  propellant  gas  blast 
strength.  Such  discussion  is  largely  conjecture  as  no  theoretical  model 
is  currently  available  to  handle  such  a  complex  gas  dynamic  problem. 

The  current  basis  of  suppressor  design  remains  to  be  empirical  laws. 


IV.  EXPERIMENTAL  TECHNIQUES 

The  complex  nature  of  the  shot  ejection  phenomena  is  reflected  not 
only  in  the  difficulties  entailed  in  obtaining  a  theoretical  model,  but 
also  in  conducting  valid  experimental  investigations.  The  fact  that 
ejection  phenomena  such  as  turbulent  mixing ,  chemically  reacting  flows, 
detonation  physics,  free  jet  flows,  and  blast  phenomena  are  the  unre¬ 
solved  subjects  of  extensive  research  efforts  in  fields  quite  remote 
from  ballistics  indicates  that  the  muzzle  gas  flow  field  is  not  in 
imminent  danger  of  being  completely  defined.  However,  judiciously  con¬ 
ducted  experiments  can  and  have  shed  light  on  isolated  phenomena  which 
are  important  to  the  design  of  muzzle  devices. 

An  important  tool  in  many  experimental  studies  is  the  muzzle  flow 
simulator.  These  simulators  may  be  divided  into  two  main  categories, 
steady  and  unsteady  flow  devices.  The  steady  flow  devices  examine  the 
quasi-steady  free  jet  structure  and  the  interaction  of  this  structure 
with  muzzle  devices.  The  gas  tested  is  generally  one  of  known  thermo¬ 
dynamic  properties,  e.g.,  air,  although  trace  impurities  may  be  delib¬ 
erately  introduced  to  examine  mixing  phenomena.  The  elimination  of 
time  dependence  and  chemical  reaction  greatly  simplifies  the  investi¬ 
gation  of  the  flow  field.  However,  care  must  be  taken  to  insure  that 
the  effects  of  free  jet  parameters  such  as  pressure  ratio,  ratio  of 
specific  heats,  exit  Mach  number  and  flow  inclination  are  understood 
and  taken  into  account.  The  unsteady  flow  devices  include  time 
dependence  but  simplify  examination  of  the  ejection  phenomena  through 
elimination  of  chemical  kinetics,  reduction  in  physical  scale  or  number 
of  dimensions,  or  control  of  interior  ballistics.  Such  devices  as  air 
guns,  light  gas  guns,  and  scaled  down  hardware  simulators  fall  into 
this  category. 


The  techniques  utilized  to  survey  the  muzzle  gas  flow  and  associated 
phenomena  are  not  unique  to  this  field  being  taken  directly  from  the 
current  technology  base.  The  remainder  of  this  Section  will  be  devoted 
to  consideration  of  research  efforts  conducted  on  the  various  type  muzzle 
devices . 

A .  Muzzle  Brakes,  Compensators,  and  Blast  Suppressors 

To  study  the  muzzle  gas  flow  through  a  brake,  Oswatitsch’7  constructed 
a  simulator  capable  of  taking  gross  force  measurements  and  Schlieren 
photographs.  Figure  33.  The  device  was  two-dimensional  so  that  the  in¬ 
ternal  flow  could  be  observed.  A  problem  with  this  type  of  two-dimen¬ 
sional  device  is  the  influence  of  wall  boundary  layer  growth.  Ladenburg38 
noted  this  problem,  in  his  free  jet  studies.  Additionally,  Oswatitsch 
assimed  that  the  forces  exerted  on  the  brake  could  be  approximated  by  a 
steady  flow  device.  Due  to  limitations  on  pumping  capacity,  the  maximum 
pressure  ratio  that  could  be  obtained  was  pe/p^  =  10.0.  This  is  two 
orders  of  magnitude  lower  than  the  actual  pressure  ratio/  however, 
Oswatitsch  presents  a  comparison  between  his  previously  discussed  theory 
with  computations  based  on  this  pressure  ratio  and  the  resulting  force 
measurements  obtained  with  this  apparatus,  Figure  34.  Oswatitsch  notes 
that  for  small  a,  i.e.,  near  the  muzzle,  the  measured  efficiency  factor 
is  greater  than  the  corresponding  theoretical  calculation.  This  is  due 
to  the  brake  deflecting  the  flow  through  a  greater  angle  than  that  of 
the  brake  surface.  At  larger  values  of  a,  the  measured  braKe  efficiency 
is  lower  than  theory.  This  effect  is  attributed  to  losses  around  the 
brake.  To  examine  these  effects  in  detail,  Oswatitsch  designed  an 
extended  brake.  Figure  35.  The  effect  at  values  of  a  greater  than  one 
is  as  expected.  The  increased  baffle  surtace  results  in  increased  flow 
deflection  and  increased  efficiency.  However,  at  lower  values  of  a, 
the  brake  efficiency  is  lower  than  the  previous  experimental  values. 

This  effect  is  not  adequately  explained,  but  it  may  be  due  to  an  over¬ 
expansion  along  the  battle  surface. 

The  results  of  Oswatitsch's  research  is  a  brake  design  similar  to 
that  shown  in  Figure  34,  with  a  radius  increased  to  2.4  calibers.  This 
device  was  fabricated  and  tested  on  an  actual  weapon  achieving  an 
efficiency  compatible  with  the  steady  state  theory  and  experiment, 

Figure  16. 

A  practical  design  feature  considered  by  Oswatitsch  was  the  de¬ 
tails  of  the  muzzle  brake  cover.  A  cover  is  necessary  in  order  to 
connect  the  brake  to  the  weapon  and  to  selectively  direct  the  exhausting 
gases  preventing  dust  obscuration  or  blast  damage.  Oswatitsch  utilized 
an  axisyrrmetric  free  jet  impinging  upon  a  flat  plate  baffle,  Figure  36. 

By  varying  the  cover  design  and  separation  from  the  axis,  Oswatitsch 
could  measure  the  variation  in  brake  efficiency  from  the  no  cover 
efficiency.  Figure  37.  The  effect  of  the  covering  on  the  brake  effi¬ 
ciency  is  complicated,  however,  two  main  effects  are  noted.  First, the 
covering  decreases  the  brake  impingement  area  which  tends  to  decrease 
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efficiency.  Second,  the  cover  can  direct  more  flow  onto  the  available 
brake  surface  causing  greater  average  rearward  deflection.  This  latter 
effect  is  positive  in  nature,  but  it  must  be  noted  that  increased  flow 
also  passes  the  projectile  hole  under  this  circunstance.  Oswatitsch's 
result  shows  cover  type  IV  to  be  the  most  effective,  and  it  is  this 
design  which  is  recommended. 

Simultaneous  to  the  work  of  Qswatitsch,  researchers6 >49 »50  in  the 
United  States  were  investigating  the  design  of  blast  deflectors.  Al¬ 
though  the  design  of  the  two  types  of  devices  are  quite  often  identical, 
a  detailed  study  of  braking  action  was  not  attempted.  Rather,  various 
device  designs  were  fired  over  dust  tables  and  the  resulting  obscuration 
estimated.  Slade6  utilized  a  caliber  0.30  rifle  to  simulate  the  dust 
obscuration  effects  of  larger  caliber  weapons.  Successful  deflectors 
were  constructed  full  size  and  tested.  Slade  noted  that  such  scaling 
did  not  always  ‘*'ork  well.  The  obscuration  caused  by  dust  clouds  is  a 
subjective  measurement  increasing  non-linearly  with  the  gun  caliber. 

Thus  deflectors  which  worked  well  on  small  caliber  weapons  were  not 
effective  on  larger  caliber  weapons.  Slade  did  note  that  the  effective¬ 
ness  of  a  device  to  deflect  blast  and  thereby  reduce  obscuration  was 
intimately  related  to  the  effectiveness  of  the  device  as  a  muzzle  brake. 
Pursuing  this  concept,  a  caliber  0.30  rifle  was  mounted  in  a  ballistic 
pendulum  and  the  resultant  recoil  energy  measured.  A  flat  plate  baffle 
was  placed  on  the  weapon,  the  plate  diameter  and  distance  from  the 
muzzle  was  then  systematically  varied,  Figure  38.  His  measurements 
show  similar  behavior  to  those  of  Smith53 ,5U, shown  in  Figure  18. 
Initially,  the  curves  overlap  since  each  baffle  deflects  the  gases 
identically  and  the  projectile  hole  losses  are  equal.  However,  at 
greater  distances  the  inability  of  the  smaller  diameter  baffles  to 
deflect  the  gases  is  shown. 

To  observe  the  internal  shock  structure  of  the  blast  deflectors, 
Slade  made  use  of  the  free-surface  liquid  analogy.  This  analogy  is 
based  on  the  fact  that  there  are  similarities  between  the  flow  of  a 
compressible  fluid  and  the  motion  of  the  surface  of  a  liquid.  Cranz4 
references  the  analogy  in  noting  the  similarities  between  the  wave 
pattern  around  a  moving  ship  and  the  spark  shadowgraphs  of  a  supersonic 
projectile.  Slade  constructed  a  water  table  to  allow  the  observation 
of  the  flow  patterns  associated  with  the  blast  deflector,  Figure  39, 

The  analogy  was  quite  complete,  including  the  bore/chamber  profile, 
baffle  profile,  and  even  a  projectile.  From  water  table  studies  and 
the  braking  criterion,  Slade  arrived  at  an  optimal  turning  vane  shape, 
Figure  40.  The  design  is  similar  to  the  optimum  brake  design  of 
Oswatitsch,  Figure  34,  with  the  addition  of  a  guide  nozzle.  Slade  also 
noted  that  the  only  method  to  completely  eliminate  obscuration  was  to 
duct  the  gases  rearward  and  eject  them  vertically  at  the  trunnions. 

Pursuing  the  same  goal  as  Slade,  Millikan1*9  and  Robinson'5  also 
made  use  of  a  muzzle  Mow  simulator.  However,  the  device  was  an 
air-powered  gun.  Later  in  their  programs,  a  steam -powered  gun  was 
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utilized  to  obtain  higher  pressure  ratios.  The  air  gun  consisted  of  a 
caliber  0.50  bore  separated  from  the  chamber  by  a  diaphragm.  The 
chamber  was  hydraulically  pimped  to  a  maximin  pressure  of  3000  psi  at 
which  time  the  diaphragm  ruptured,  and  the  projectile  was  accelerated 
down  the  bore,  Using  wooden  projectiles,  muzzle  velocities  up  to  1200 
feet  per  second  were  obtained.  The  main  advantage  of  this  device  was 
the  elimination  of  contaminants  in  the  gas  thereby  allowing  Schlieren 
or  shadowgraph  techniques  to  be  applied  with  a  resultant  optical  pene¬ 
tration  of  the  muzzle  jet.  Robinson50  utilized  the  device  over  a  dust 
table  photographing  the  resultant  dust  cloud  growth  with  time.  His 
conclusion  was  that  baffles  could  be  designed  which  effectively  elimi¬ 
nated  forward  muzzle  jet  flow;  however,  obscuration  still  evolved  from 
venting  the  gases  to  the  side.  Millikan49  conducted  a  two-dimensional 
Schlieren  survey  of  the  flow  interior  to  a  blast  deflector.  He  used 
these  results  coupled  with  caliber  0.30  firings  to  propose  certain 
radical  anti-obscuration  concepts.  These  ideas  were  later  tested  by 
Munch,  et  aP1  and  found  to  be  generally  impractical. 

More  recently,  Smith55"56  has  performed  e/ tensive  research  on 
muzzle  phenomena  and,  specifically,  on  muzzle  brakes.  Like  Oswatitsch, 
Smith  assumes  that  a  good  approximation  of  the  thrust  on  a  muzzle  brake 
can  be  obtained  with  a  steady  flow  simulator.  However,  where  Oswatitsch 
utilized  a  two-dimensional  simulator  with  a  maximum  pressure  ratio  of 
10,  Smith  constructed  an  axially  symmetric  apparatus  with  a  maximum 
pressure  ratio  of  264.  Both  tested  mainly  in  air;  although  Smith  did 
attempt  testing  in  nitrogen,  he  noted  no  significant  effect  of  the 
ratio  of  specific  heats.  Smith's  apparatus  is  shown  schematically  in 
figure  41.  The  technique  of  measuring  thrust  differs  from  that  of 
Oswatitsch  in  that  rather  than  measuring  the  thrust  on  the  brake,  Smith 
measures  the  overall  thrust  on  the  weapon. 

Using  this  apparatus.  Smith  conducted  extensive  tests  on  a  variety 
of  muzzle  brake  designs,  including  discs,  cusps,  reverse  cones,  cowled 
brakes,  open  and  closed  brakes.  He  also  varied  brake  dimensions,  dis¬ 
tance  from  the  muzzle,  numbers  of  brakes  and  spacing  of  the  brakes. 

His  results  for  a  single  brake  are  presented  as  plots  of  his  previously 
defined  aerodynamic  index  versus  axial  location,  Figure  18,  and  versus 
pressure  ratio,  Figure  42.  The  first  plot  has  been  discussed.  The 
second  plot  is  interesting  as  it  shows  the  effect  of  jet  growth  on  the 
brake  thrust.  At  low  pressure  ratios,  the  jet  has  a  small  diameter, 
Figure  8,  and  most  of  the  mass  passes  through  the  muzzle  brake  projec¬ 
tile  hole.  As  the  pressure  ratio  increases,  the  jet  grows  resulting  in 
greater  flow  impingement  upon  the  brake  surface  and  increasing  aerody¬ 
namic  index.  However,  a  maximum  is  reached  as  increasing  pressure  ratio 
results  in  spillage  around  the  outer  edge  of  the  baffle.  With  further 
increase  of  the  pressure  ratio  this  spillage  or  incomplete  deflection 
effect  predominates  and  the  aerodynamic  index  drops.  Additionally, 
Smith51*  took  pressure  measurements  on  the  front  and  rear  surfaces  of 
orakes  mounted  in  this  simulator.  The  resulting  measurements  compared 
favorably  with  his  steady  flow  theory,  Figure  19. 


Smith's  investigation  of  multi-baffle  brakes  produced  interesting 
results.  Figure  43.  This  plot  illustrates  what  economists  call  the  law 
of  diminishing  returns.  Due  to  the  deflection  of  mass  by  previous 
baffles,  the  additional  gain  in  aerodynamic  index  by  each  subsequent 
baffle  diminishes;  e.g.,  in  this  case  Ar(1  =  0.48,  An2  =  0.28,  An3  =  0.10. 

A  second  effect  is  the  decrease  in  the  effect  jet  pressure  ratio  at  each 
baffle  due  to  shock  losses.  This  requires  increased_spacing  to  achieve 
maximim  efficiency,  e.g.,  in  this  case  ax 3  =  1.10,  ax 2  -  1.30,  ax3  =  2.10. 
These  effects  were  also  noted  by  Oswatitsch;  however,  Smith's  results 
illustrate  them  quite  clearly. 

To  check  the  effect  of  pressure  ratio  and  the  steady  flow  assump¬ 
tion  „n  the  validity  of  his  results,  Smith  mounted  identical  muzzle 
brakes  on  a  7.62mm  rifle.  The  resulting  aerodynamic  indices  obtained 
from  firings  with  the  rifle  mounted  in  a  ballistic  pendulum  compared 
favorably  with  his  steady  state  measurements  (generally  within  10%)- 
Smith  notes  that  to  examine  dimensional  scaling,  large  caliber  firings 
would  be  required. 

Recognizing  that  changes  in  blast  effects  due  to  the  utilization  of 
a  muzzle  brake  were  important,  Smith53  applied  a  multi-flash  shadowgraph 
technique  to  obtain  estimates  of  peak  overpressure  levels.  The  pressure 
jimp  across  a  shock  can  be  obtained  from  the  Rankine-Hugoniot  relations 
if  one  is  given  the  shock  propagation  velocity  into  a  mediim  of  known 
thermodynamic  state.  Firing  a  7.62mm  rifle.  Smith  took  multiple  shadow¬ 
graphs  of  the  shot  ejection  phenomena  on  a  single  photographic  plate. 
Since  the  distance  travelled  by  the  shock  and  projectile  between  flashes 
can  be  measured  directly  and  assuming  the  projectile  velocity  to  be 
constant  (2680  t  20  FPS)  ,  the  projectile  travel  divided  by  the  projec¬ 
tile  velocity  will  give  the  time  between  flashes,  thus  allowing  the 
shock  velocity  to  be  calculated.  The  conditions  of  the  ambient  into 
which  the  shot  is  fired  are  known;  therefore,  the  overpressure  contours 
may  be  computed,  Figure  44.  The  effect  of  the  brake  is  seen  clearly; 
the  overpressure  levels  on  the  lower  portion  of  the  figure,  i.e.,  with 
the  brake,  are  higher  further  to  the  rear  than  are  those  without  the 
brake.  Likewise,  in  the  forward  di recti  on, overpressure  at  a  fixed  lo¬ 
cation  is  decreased  with  the  application  of  a  muzzle  brake.  This  over¬ 
pressure  data  suggests  an  interesting^possibility ,  namely,  the  combi¬ 
nation  of  the  scaling  laws  of  Westine"9 »ec  with  data  such  as  this  to 
provide  a  "universal"  blast  field  plot  for  various  muzzle  brakes.  The 
inclusion  of  the  brake  efficiency  into  such  scaling  laws  is  a  further 
attractive  possibility  which  could  yield  a  single  scaled  overpressure 
field  of  wide  applicability. 


B .  Flash  Suppressors 

Experimental  work  with  flash  and  flash  suppressors  has  generally 
been  qualitative  in  nature,  addressing  flash  largely  as  a  yes-no 
phenomena.  The  basic  experimental  tools  are  photography  and  him  an 
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observation' J-/e.  With  the  basic  physical  principles  of  the  flash 
phenomena  in  hand,  a  muzzle  device  is  designed  which  will  supposedly 
effect  some  portion  of  the  flash  cycle.  The  technique  to  test  the 
device  is,  first,  place  it  in  a  dark  room  and  photograph  the  weapon 
firing.  If  no  flash  shows  up,  place  an  observer  in  the  room  and  fire 
again.  If  the  observer  sees  no  flash  or  "reduced"  flash  then  the  design 
is  considered  verified. 

However,  research  conducted  at  Franklin  Insti tute59-66  was  directed 
at  obtaining  quantitative  information  relating  to  the  nature  of  gun  muz¬ 
zle  flash.  Their  research  is  surmari zed  in  the  Army  Handbook  on  flash66 
and  in  the  Midwest  Research  Institute  state-of-the-art  surveys67-66. 

The  approach  taken  by  these  investigators  was  two-fold,  consisting  of 
the  utilization  of  steady  flow  simulators  and  actual  weapons  firings. 

The  steady  flow  simulator6-’  discharges  air  at  a  stagnation  pressure 
of  500  psi  through  a  0.025  inch  nozzle  into  a  chamber  evacuated  to  1.0 
psi.  This  gives  a  static  pressure  ratio,  pe/px,  of  264.  The  simulator 
was  utilized  to  study  both  jet  mixing  and  jet  structure.  Mixing  was 
studied  through  the  use  of  tracer  gases  in  the  evacuated  chamber.  Both 
NH?  and  C02  were  tried,  but  C0:,  was  used  more  extensively  due  to  its 
less  offensive  nature.  The  CO.-,  was  introduced  into  the  chamber  until 
a  55  concentration  was  established  in  the  chamber  air.  Air  from  the 
nozzle  is  dried  in  a  KOh  tower  and  posesses  negligible  C02,  thus  any  C02 
detected  in  the  resulting  free  jet  can  be  ascribed  to  entrainment  from 
the  chamber  atmosphere.  The  resulting  concentration  of  C02  is  then 
indicative  of  the  percent  of  air  which  would  be  entrained  by  a  propel¬ 
lant  gas  jet. 

The  C0;>  concentrati on  is  determined  by  drawing  gas  from  selected 
locations  in  the  jet  with  a  hypodermic  needle.  The  gas  is  passed 
through  a  liquid  nitrogen  trap  in  which  the  C02  is  frozen.  The  remain¬ 
ing  air  is  drawn  off  and  the  rate  of  air  flow  measured.  Knowing  the 
sampling  time,  the  mass  of  air  taken  can  then  be  computed.  The  mass  of 
C02  can  be  determined  by  allowing  it  to  expand  into  a  known  volume  at 
a  known  temperature.  The  resulting  pressure  is  measured  and  utilized 
in  the  equation  of  state  to  calculate  the  C02  density.  Since  the 
volume  is  known,  the  CCh  mass  is  also  calculated.  With  both  the  mass  of 
air  and  CO-  sampled,  the  C02  concentration  is  calculated.  A  schematic 
depicting  the  results  of  this  study  is  presented  in  Figure  45.  The  in¬ 
clusion  of  the  gas-ai r  mixture  within  the  shock  bottle  is  somewhat  sur¬ 
prising  and  may  be  due  to  probe  interference  effects. 

A  similar  flow  simulator  was  constructed  by  the  Midwest  Institute"6. 
However,  this  device  utilized  a  0.30  inch  nozzle  and  was  unsteady  in 
nature  utilizing  a  burst  diaphragm  to  initiate  flow.  The  flow  field 
produced  by  this  device  was  surveyed  utilizing  conical  tipped  probes 
to  determine  local  Mach  number.  This  technique,  used  earlier  by  Crarz 
and  Glatzel',  consists  of  placing  e  conical  probe  in  a  supersonic 
flow,  taking  a  Gchlieren  or  shadowgraph  picture  of  the  probe  in  the 
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flow,  and  measuring  the  resultant  shock  angle  produced  on  the  tip.  From 
supersonic  flow  theory,  this  angle  can  be  related  to  the  local  Mach 
number  for  a  given  tip  angle.  The  resulting  Mach  number  distribution  is 
shown  in  Figure  46.  The  results  are  seen  to  be  highly  erratic  and  com¬ 
parison  with  theory  is  almost  non-existent.  The  reasons  for  this  are 
first  the  effect  of  probe  interference  is  very  strong  in  the  vicinity  of 
the  Mach  disc  and  possibly  throughout  the  flow  field, which  was  geometri¬ 
cally  small.  Secondly,  the  jet  was  unheated  and  the  resultant  expansion 
undoubtedly  caused  liquefaction  of  nitrogen  in  the  test  air.  These 
results  are  presented  to  indicate  the  difficulties  connected  with  sur¬ 
veying  this  flow  field  and  to  point  out  the  care  that  must  be  given  to 
analysis  of  experimental  results. 

In  addition  to  attempting  a  survey  of  the  local  flow  properties  and 
mixing  of  the  muzzle  gas  with  air,  Franklin  Institute66  conducted 
spectroscopic  surveys  of  the  muzzle  flash.  While  the  data  did  not  yield 
information  on  radiation  from  discrete  poritons  of  the  flow  field,  it 
did  provide  valuable  output  concerning  the  gross  emission  properties  of 
the  various  flash  phenomena.  The  radiant  energy  was  concentrated  mainly 
in  the  infrared  region  of  the  spectrum  with  less  than  one  percent  of  the 
energy  being  in  the  visible  range.  Additionally,  impurities  in  the  pro¬ 
pellant  gases  such  as  potassium,  sodium  and  compounds  of  calcium  and 
copper  were  primary  emitters  of  distinct  spectral  bands.  Since  the 
visible  spectrum  is  of  concern  in  flash  suppressor  design,  certain 
results  obtained  by  this  research  will  be  considered. 

Tests  were  conducted  utilizing  a  caliber  0.50  barrel  connected  to 
a  20mm  chamber.  To  survey  intermediate  flash,  an  85  inch  barrel  was 
used  in  order  to  provide  internal  energy  absorption  sufficient  to  elimi¬ 
nate  secondary  flash.  The  spectral  analysis  of  this  flash  phenomena 
indicated  that  continuum  emission  was  the  predominant  source  of  radiation, 
this  shows  that  the  major  source  of  intermediate  flash  is  incandescent 
solids.  The  barrel  length  was  then  successively  decreased  and  firings 
conducted  at  each  new  length  to  examine  the  effect  of  barrel  length  upon 
flash.  As  expected,  secondary  flash  began  occuring  more  frequently  as 
the  barrel  was  shortened.  It  should  be  noted  that  the  occurence  of 
secondary  flash  was  intermittent  until  a  barrel  length  of  61  inches  was 
reached  at  which  length  all  rounds  flashed. 

The  barrel  was  apparently  shortened  to  45  inches  and  a  spectral 
analysis  of  secondary  flash  undertaken.  The  results  showed  a  majority 
of  the  radiant  energy  was  emitted  in  selected  bands  which  are  indicated 
bel ow: 


Band 


%  Visible  Energy 


CuO,  CuOH  50 

CaOH  25 

Na  7 

Continuum  18 
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The  utilization  of  steel  bullets  rather  than  the  copper  jacketed  bullets 
used  in  constructing  the  above  table  produced  an  altered  distribution 
curve.  The  curve  reflected  the  elimination  of  copper  impurities  and  a 
drop  of  radiation  in  those  bands  (CuO,  CuOH) . 

A  survey  of  the  sequence  of  flash  phenomena  was  undertaken.  Uti¬ 
lizing  a  piezoelectric  transducer  mounted  in  the  chamber  of  the  gun,  the 
breech  pressure  as  a  function  of  time  was  recorded  on  an  oscilloscope. 
Superimposed  on  this  trace  were  the  flash  intensity  measured  by  a  photo¬ 
cell  and  the  shot  ejection  recorded  by  a  microphone  close  to  the  muzzle. 
Two  cases  were  observed:  with  and  without  secondary  flash,  Figure  47. 
These  traces  are  purely  qualitative  in  nature,  but  they  do  indicate  the 
relative  intensity  and  duration  of  the  flash  phenomena.  The  secondary 
flash  is  seen  to  occur  relatively  late  in  the  tube  emptying  cycle  pos¬ 
sessing  a  great  amount  of  intensity  which  continues  for  a  long  period  of 
time.  Measurement  of  the  temperatures  of  the  two  flash  phenomena  using 
the  line  reversal  method  shows  that  intermediate  flash  possesses  a 
potassium  line  temperature  of  1 250 °K  while  the  corresponding  secondary 
flash  temperature  is  2200°K.  These  observations  serve  to  illustrate 
what  is  already  well  known;  namely,  secondary  flash  is  the  most  severe 
flash  problem. 

No  research  was  uncovered  which  attempted  to  apply  intensive 
flow  field  measurement  techniques  to  the  muzzle  effluence  from  weapons 
equipped  with  flash  suppressors.  As  stated  earlier,  flash  suppressor 
effectiveness  is  largely  measured  as  a  yes-no  parameter.  The  investi¬ 
gation  of  flow  through  these  devices  and  the  effect  of  design  changes 
on  the  flow  and  flash  phenomena  is  definitely  a  prime  requirement  for 
advancing  the  state  of  understanding  of  flash  suppression  by  physical 
means . 

C.  Blast  Suppressors 

The  understanding  of  the  weapon  blast  phenomena  requires  a  com¬ 
prehensive  catalog  of  information  ranging  from  the  detailed  interior 
ballistics  of  the  weapon  through  blast  formation  due  to  gas  ejection. 

Flow  through  the  blast  suppressor  must  be  examined,  and  the  resulting 
modification  of  gas  efflux  related  to  changes  in  the  blast  field.  This 
latter  requirement  is  not  available  in  the  present  technology  base. 
Interior  ballistics  of  small  arms  are  reasonably  well  in  hand,  and  the 
measurement  of  blast  fields  can  be  readily  accomplished  with  currently 
available  techniques78  ,87 >94-98 .  However,  there  have  been  few  signi¬ 
ficant  efforts  uncovered  which  attempt  to  examine  the  gas  dynamics  of 
blast  suppressors. 

This  lack  of  a  good  data  base  relating  suppressor  design  to  blast 
prompted  Skochko  and  Greveris78  to  test  a  group  of  silencers.  Utilizing 
condensor  microphones,  the  noise  levels  five  meters  to  the  side  of  these 
silenced  weapons  were  measured.  Fifteen  different  silencers  were  tested; 
however,  the  weapons  upon  which  the  devices  were  mounted  varied  from 
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test  to  test.  This  makes  it  difficult  to  obtain  definite  conclusions 
as  to  silencer  effectiveness.  Additionally,  the  weapons  were  firing 
reduced  charge  rounds  leading  to  subsonic  exit  velocities.  This  con¬ 
dition  is  not  applicable  to  the  typical  field  blast  suppressor.  Their 
work  does  provide  insight  into  the  sources  of  gas  dynamically  generated 
sound.  Figure  32,  and  its  inclusion  of  a  multitude  of  device  designs  and 
patents  forms  a  useful  compenditm. 

Bixler,  et  al92  conducted  a  coordinated  experimental  investigation 
attempting  to  relate  internal  design  changes  to  sensed  changes  in  the 
blast  field.  Utilizing  a  7.62mri  rifle  and  a  caliber  0.45  pistol,  a  set 
of  test  devices  was  constructed  which  allowed  systematic  variation  of 
geometric  parameters.  The  tests  concentrated  on  multi-baffle  devices 
and  of  necessity  required  certain  restrictions  on  the  number  of  para¬ 
meters  considered.  To  test  the  effect  of  varying  the  number  and  spacing 
of  the  baffles  upon  the  weapon  muffling  characteristics,  Bixler  con¬ 
structed  a  fixed  length  test  aevice  which  allowed  baffler  rearrangement, 
Figure  48.  Sound  levels  were  measured  with  a  condenser  microphone,  and 
the  results  are  shown  in  Figure  49.  The  full  variations  examined  by 
Bixler  are  not  included  in  this  figure  in  order  to  simplify  its  inter¬ 
pretation.  The  blast  attenuation  is  seen  to  increase  rapidly  with  the 
number  of  baffles.  A  maximum  attenuation  is  attained  and  remains  con¬ 
stant  for  a  considerable  increase  in  baffles  until  a  gradual  decline  is 
experienced  as  the  baffles  begin  to  fill  the  expansion  chamber  thereby 
acting  more  as  a  channel  rather  than  flow  impediments.  Bixler  notes 
that  the  weight  of  the  device  increases  with  the  number  of  baffles  added. 
From  an  initial  weight  of  one  pound  without  any  baffles,  a  weight  of  two 
pounds  is  incurred  if  fifteen  baffles  are  utilized. 

Bixler  also  considered  a  device  which  allowed  the  overall  length  to 
vary.  As  expected,  the  attenuation  increased  with  increasing  length. 

The  diameter  of  the  expansion  chamber  is  also  an  important  parameter. 
Therefore  Bixler  tested  a  chamber  which  was  12"  long  by  201'  in  diameter. 
The  resulting  attenuation  is  shown  as  the  closed  data  point  in  Figure  49. 
The  attenuation  is  quite  high.  Such  a  device  is  obviously  impractical; 
however,  this  data  point  can  be  considered  an  indicator  of  the  maximum 
attenuation  level  which  could  be  achieved  for  this  particular  weapon 
with  a  well-designed  device. 

Bixler  also  presents  spark  shadowgraphs  showing  the  internal  flow 
through  a  multi-baffle  device.  The  photographs  clearly  illustrate  the 
multiple  shock  reflections  from  the  baffle  surfaces  and  the  effect  of 
"blow-by"  in  the  formation  of  the  multi-blast  sequence  of  Skochko  and 
Greveris.  Bixler's  experimental  work  is  a  gooa  example  of  the  type  of 
work  which  is  required  in  the  examination  of  blast  suppression.  Control 
of  the  test  weapon  or  simulator  must  be  exercised.  The  blast  suppressor 
designs  should  then  be  parametrically  controlled  in  order  to  establish 
a  set  of  scaling  laws  which  have  general  applicability. 
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V.  CONCLUSIONS 


Various  approaches  to  the  theoretical  and  experimental  analysis  of 
muzzle  devices  have  been  presented.  However,  the  complexity  of  the 
unsteady,  chemically  reacting,  muzzle  gas  flow  coupled  with  the  numerous 
types  of  muzzle  device  for  each  functional  group  have  prevented  the  con¬ 
struction  of  definitive  design  criteria.  Existing  data  and  techniques 
suffer  from  a  lack  of  compilation  into  a  unified,  coherent  data  base. 

In  general,  the  technology  applied  to  these  devices  is  not  apace  with 
the  current  state-of-the-art. 

A  majority  of  the  research  into  muzzle  devices  is  directed  to  the 
design  of  muzzle  brakes.  The  work  of  Ostwati sch7a-7C  and  Smith57-56 
represent  the  most  advanced  approaches  to  the  problem.  Although  both 
are  quasi-steady  analyses,  correlation  with  experimental ly  obtained  data 
is  excellent.  It  is  noted  that  these  techniques  have  not  been  incorpo¬ 
rated  in  current  Army  design  literature1*6.  The  research  into  the  design 
cf  flash  and  blast  suppressors  nas  been  largely  empirical  in  nature, 
producing  information  applicable  to  a  particular  design  of  muzzle  device 
and  class  of  weapon.  In  all  cases,  the  most  pressing  requirement  is  for 
a  compilation  of  available  data.  This  data  base  would  permit  the 
development  of  programs  to  fill  obvious  gaps  in  the  design  techniques. 
Another  obvious  requirement  is  the  accurate  definition  of  the  muzzle  gas 
and  its  flow  field.  A  combined  experimental  and  theoretical  approach  to 
provide  this  essential  information  utilizing  currently  available  tech¬ 
nology  is  being  implemented  by  the  BRL  under  a  SASA -supported  muzzle 
device  prog  rail! . 
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FIGURE  3o  SCHEMATIC  OF  PROPELLANT  GAS  EJECTION  FLOW 
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FIGURE  3b  SCHEMATIC  OF  PROPELLANT  GAS  EJECTION  FLOW 
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Figure  4c.  Propellant  Gas  Flow 


Figure  4d.  Propellant  Gas  Flow 
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FIGURE  8  EFFECT  OF  PRESSURE  RATIO  UPON  FREE 
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FIGURE  9  CATEGORIES  OF  MUZZLE  DEVICES 
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FIGURE  16  COMPARISON  OF  THEORY  AND 
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FIGURE  21  FLASH  PREVENTIVE  DEVICES 
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FIGURE  22  WATLING  FLASH  SUPPRESSOR  TESTS 
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FIGURE  24  BLAST  SUPPRESSOR  CLASSIFICATION 


FIGURE  25  FURRER  EXPLOSIVE  BLAST  MEASUREMENTS 
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FIGURE  26  THE  EFFECT  OF  MUZZLE  BRAKES  ON 
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SEQUENCE  OF  BLAST  PROPAGATION 
FIGURE  31  BIXLER  BLAST  SUPPRESSOR  MODEL 
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FIGURE  32  SEQUENCE  OF  MEASURED  BLASTS 
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